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 The continuous and ubiquitous supply of energy is one of the key challenges 
for society and it becomes more critical with the fact that traditional sources of 
energy like coal and petroleum products have been exhausting very fast. Solar, 
wind & other renewable energies sources have been explored to meet with 
energy demands but they are intermittent. Therefore, sophisticated electrical- 
energy-storage system is needed to balance demand and supply of energy. Now 
a days, portable electronic devices like mobile phones, laptops, palmtops, video- 
cameras, Mp3 and Mp4 players,  gaming devices, electric vehicles, satellites, 
and exploratory space vehicles have triggered development of rechargeable 
batteries which must have high energy density, long cycle life, low weight, 
small volume and low cost with increment in safety and reliability also. Lithium   
Ion Batteries (LIBs) with high-specific energies and long shelf-life compared 
with other batteries, have shown the greatest potential in meeting all of these 
demands. However, new improvements and considerable efforts are still needed 
in the development of lithium batteries before their full potential is realized. 
Capacity, energy density, safety, and cycle life of lithium cells are some areas 
where improvements are greatly needed. The aim of this study was to develop 
single ion conducting polymer electrolytes (SIPEs), based on polymers and 
three dimensional frameworks, for lithium ion batteries.  
Polystyrene based single ion conducting gel polymer electrolyte and 
functionalized porous electrolyte were designed and synthesized. Both SIPEs 
display ionic conductivity in order of 10-3 Scm-1 with high thermal and 
ix 
 
electrochemical stabilities along with reasonable good performance in the 
assembled battery coin cells. 
By following the hierarchy of poly amide synthesis via condensation 
polymerization, a poly amide based SIPE was developed. The membrane 
fabricated by blending the electrolyte with PVDF, a binder, shows an 
impressive battery performance at both room temperature and 60 oC, with ionic 
conductivity in order of 10-4 Scm-1. The electrolyte also possess high thermal 
and electrochemical stability with cationic transference number (tLi+) very close 
to unity (0.88). 
A novel concept to utilize three dimensional porous frameworks as SIPE was 
coined and demonstrated successfully by synthesising single ion conducting 
lithium functionalized melamine-terepthalaldhyde framework (MTF-Li) and 
phloroglucinol-terepthalaldhyde framework (PTF-Li), three dimensional 
porous organo-lithium complexes. The rigid three dimensional frameworks, 
function as an anionic part of the electrolyte, reduce anionic transference 
number almost to zero and exhibit high thermal and electrochemical stability.  
With the ionic conductivity in order of 10-4 Scm-1, the membranes consist of 
these electrolytes and a polymeric binder show good battery performance, 
which validates the proposed concept. 
With the objective to develop a SIPE to perform under high charge-discharge 
rate in wide range of temperature, a polysiloxane based single-ion conducting 
was developed via hydrosilylation technique. Styrenesulfonyl (phenylsufonyl) 
imide, a lithium ion conducting moiety was grafted on the polysiloxane chain 
in the presence of Speier’s catalyst. The resultant electrolyte possesses glass 
x 
 
transition temperature (Tg) below than room temperature which provides high 
flexibility to the electrolyte membrane and eventually helps it to perform at high 
charge-discharge rate and in wide temperature range when assembled in battery 
coin cells. The ionic conductivity of the membrane, comprised of the electrolyte 
and PVDF-HFP, was found to be 7.2 ×10-4 Scm-1 at room temperature.  
In conclusion, the encouraging results of the work presented in thesis could 
contribute significantly for the development of electrolytes for next generation 
of lithium ion batteries’ .The variety of polymers and porous frameworks 
designed and developed in the work, provides a choice of wide range of 
materials, which may be useful to design a ‘versatile electrolyte’ for commercial 
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1.1 Preface to Chapter 1 
 
This chapter shade lights on the fundamentals, components and working 
principle of lithium-ion batteries (LIBs) in association with a concise literature 
survey highlighting the research and development of electrolytes, particularly 




Rapid exhaustion of fossil fuels and bio-mass, in the last few decades, has 
triggered scientists to put serious efforts to explore viable and alternative energy 
sources. Nuclear energy, an excellent and clean energy source, is associated 
with  the threat of nuclear radiation  and   the problem of radioactive materials’ 
disposal, whereas geo-thermal energy sources are very localized to the 
particular regions.[1] Sun light and wind, representatives of renewable sources 
of energy, are abundant but unable to provide continuous energy supply, hence 
necessitate intermittents to store and supply energy on demand.[2] On the other 
hand, miniaturizations of electric appliances, and increased usage of moveable 
gadgets in daily life, predominantly depend on portable power sources. 
Therefore, batteries, as intermittents and as portable energy sources, contribute 
significantly to energy economy.  
Ion conduction is the key process of battery operation. Researches on ion 
conduction in solids illustrated the fact that alkali metals could move rapidly in 
an electronic conducting lattice, which contains transition metal atoms in mixed 
valance state. Among the alkali metals, lithium, the lightest element of the 
periodic table, offers the largest specific energy per weight, which presents it as 
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a potential candidate for battery materials.[3] After the first Li- ion battery was 
commercialized in 1991 by Sony Corporation, Li-ion batteries (LIBs) become 
unanimous choice for portable electronics equipment. The features like high 
operating voltage of 3.7 volts, high volumetric and gravimetric energy densities 
, no memory effect, low self –discharge rate and operability over a wide range 
of temperature, have  made these batteries important facilitators of the 
electronics  revolution.[4]  However, like any other technology, LIBs require 
significant improvements, particularly for the safety purpose and high energy 
applications.[5]  Several attempts have been made to develop all three 
components of LIBs – cathode, anode and electrolytes; either individually or 
collectively. Electrolytes consist of highly ionisable lithium salt facilitate 
transport of Li-ions between cathode and anode. Liquid electrolytes, the most 
commercially used electrolytes, are associated with the problems of leakage, 
low cationic transference number and concentration polarization.[6] Solid 
polymer electrolytes (SPEs), consist of a lithium salt dissolved or dispersed in 
the polymer matrix, have grabbed attention as alternatives of the liquid 
electrolytes. [7] A conventional SPE works in a solvent-free environment and 
thus eliminates the leakage problem.[8] However, due to contribution from both 
cations and anions to the conductivity, the SPEs also possess the problem of low 
cationic transferences number. Realizing the importance of high cationic 
transferences number, attempts have been made to improve it by restricting 
anionic part of the salt, which coined the concept of ‘single ion polymer 
electrolyte (SIPE)’. [9, 10] A SIPE is made of polymeric or copolymeric lithium 
salt where the polymeric part remains as immobile anion and allows transport 
of lithium ions only during charging and discharging process. Despite the 
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successfully demonstration of   the SIPE concept, only limited SIPEs have been 
reported to date. [10, 11] 
In order to explore the concept and utility of SIPEs, this thesis is devoted to 
develop several single ion electrolytes based on polymers and three dimensional 
frameworks. An extensive literature review related to the topic is discussed in 
the subsequent sections followed by the objectives of the thesis.   
1.3 Battery Fundamentals  
 
A battery is a device which converts chemical energy to electrical energy by 
redox reactions. [12, 13] A battery (also abbreviated as electrochemical cell) 
consists of two electrodes, cathode (a positive electrode) and anode (a negative 
electrode) which are connected by an ion conducting (but electronic insulating) 
material called electrolyte (Fig.1.1). When this assembly is connected with an 
external load or device, electrons spontaneously flow from anode to cathode 
externally (via external load or device) while ions migrate internally (through 
the electrolyte) maintaining the charge balance. By this way, a stored chemical 
energy is transferred into an electrical energy. The process is called discharging 
of the battery. A battery’s performance depends upon the internal chemistry, 
current drain and operating temperature. In general, batteries are of two types: 
primary (non-rechrageable) and secondary (rechargeable). 
 
 




Figure 1.1 Schematic description of Lithium ion battery. 
*Reprinted with permission from Xu, K., Nonaqueous Liquid Electrolytes for 
Lithium-Based Rechargeable Batteries. Chemical Reviews, 2004. 104(10): p. 
4303-4418. Copyright 2014 American Chemical Society.   
  
Secondary or rechargeable batteries are the batteries that can be recharged, after 
discharge, to their original state by passing the current in opposite direction to 
the discharge current. Since they are used as storage device for electrical energy, 
they are also known as “storage batteries”.  
 Secondary batteries are characterized by high power density and high discharge 
rate. However, their energy densities are normally lower than primary 
batteries.[12] Different type of secondary batteries and their general 










Table 1.1 Secondary Batteries and Their Specifications 
 
Battery  Pb-acid Ni-Cd Ni-MH Li-ion 


























Cycle life  200-300 1500 300-500 500-1000 
Self-discharge 
time (months) 




































in cell phones. 










To characterize battery performance several terminologies have been used as 
summarized below. [15] 
Theoretical Capacity: It is defined as the total quantity of charge involved in 
the complete discharge of a fully charged battery under specific conditions and 
is expressed in terms of coulombs or ampere-hours. The theoretical capacity of 
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a cell is determined by the amount of active materials in the cell. The ‘‘ampere-
hour capacity’’ of a battery is directly associated with the quantity of electricity 
obtained from the active materials. 
The Rated Ah Capacity is the minimal capacity of a fully charged new battery 
under predefined conditions. In general, Wh (or kWh) capacity is used to 
represent a battery capacity. 
                  Rated Wh Capacity = Rated Ah Capacity × Rated Battery Voltage 
C-rate. This term is used to represent either charge or discharge rate equal to 
the capacity of battery in one hour. It is denoted as C/10, C/20, 1C, 2C etc. If 
there is battery of 2 Ah, then 1 C would be equivalent to charge or discharge at 
2 A, while C/10 would be equivalent to 0.2 A. 
Specific energy: It is defined as the energy storage capacity of a battery in per 
unit mass. It is also called gravimetric energy density and expressed is Whkg-1. 
It is a key parameter to determine the total battery weight for a given kilometer 
range of electronic vehicles. 
Specific Power:  It is the peak power per unit mass, also called gravimetric 
power density.It is expressed in Wkg-1. 
Specific Power = Rated Peak Power/ (Battery Mass in kg) 
Energy Density. It is the nominal battery energy per unit volume (Wh/l), also 
referred as the volumetric energy density. 
Power Density. It is the peak power per unit volume of a battery (W/l). 
State of Charge (SOC): It is defined as the remaining capacity of a battery. It 
depends on its operating conditions such as temperature and load current. It is a 
critical condition parameter for a battery. 
                        SOC = Remaining Capacity/Rated Capacity 
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Depth of Discharge (DOD): It is used to indicate the % of the total battery 
capcity that has been discharged. In general 80% DOD is a standard value. 
DOD = 1 - SOC 
Cycle Life: It is the number of discharge-charge cycle that a battery can perform 
at a specific DOD before the battery fails to meet with specific performance 
criteria. The life of the battery depends on charge and discharge rates, DOD and 
other factors such as temperature. The higher value of DOD reduces the cycle 
life.  
1.4 Electrode Materials for Lithium Ion Batteries 
 
There are number of electrode materials which have been studied for lithium-
ion batteries. Lithium metal and carbon intercalated materials are the most 
common anode materials, while transition metal oxide based intercalation 
materials are the largely used cathode materials. The main factors which play 
an important role in the selection of electrode materials are electrode potential 
versus lithium, stability, cycling behaviour under different conditions and 
capacity. For anode materials, a potential near to that of lithium metal is looked-
for whereas cathode materials of high potentials are required. In addition, their 
potential   must be in resonance with   the stability of the electrolyte. For all the 
materials, a relatively constant voltage profile versus capacity is essential to 
extract a constant power supply from the battery. 
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1.4.1 Cathode materials 
 
Cathode is the most important part of a battery. It works as a sink for lithium 
ion during discharging while works as a source of lithium ion during charging. 
The key requirements for a cathode material are the following:[16] 
 It should contain a readily oxidizable and reducible ion like transition 
metals 
 It should react with lithium very rapidly both on removal and insertion 
but in a reversible manner.  
 It should not change its structure when lithium is added i.e., an 
intercalation type of reaction is required. 
 It should react with lithium with a high free energy of reaction with high 
capacity, at least one lithium ion per metal atom.  
 It should be a very good electronic conductor. 
 It should be of low cost and environmental benign.  
The majority of cathode materials in use are the lithiated oxides of transition 
metals. Lithium cobalt oxide (LixCoO2), lithium nickel oxide (LixNiO2), lithium 
manganese oxide (LixMnO2 and LixMn2O4), lithium vanadium oxide (LixV2O5 
and LixV6O13), and mixed systems (e.g, LixNiyCo1-yO2) are the most common 
used cathode materials. The value of x, the total moles of lithium ions that may 
be intercalated/de-intercalated per mole of metal oxide, is a directly related to 
capacity and varies with oxide. The structure of the oxides affects their capacity. 
Except these transition metal oxides, several other cathode materials like spinels 
and Olivine have been developed for the purpose.[16] 
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1.4.2 Anode materials 
Lithium metal and lithium intercalation are two basic categories of the anode 
used in lithium-ion batteries. Lithium metal anodes provide the highest 
theoretical voltage. However, they   are also the most unstable, with problems 
like highly resistive passivation films and dendrite formation. The intercalation 
electrodes are of carbon based, mainly of the graphite form. Since they contain 
Li+ ions rather than lithium metal in their charged state, they are more stable. 
However, this stability cost reduction in potential approximately from 0.1 to 0.3 
V. It is also a well-known fact that a passivation layer forms on the lithium metal 
surface. 
The passivation layer, in general, consists of lithium salts like Li2O and Li2CO3, 
formed due to reaction with organic electrolyte.[6] This layer offers an extra 
resistance, depends on composition and thickness, to the overall current flow. 
On the contrary, the layer protects the lithium from further decomposition and 
eventually, prevent lithium dendrite formation which may cause short-circuit. 
There are number of factors such as concentration and impurities of electrolyte, 
pressure, and lithium alloying which influence composition and thickness of the 
layer. Proper study of the effect of these factors on the layer helps to control of 
its formation. 
As a viable alternative of lithium metal anode, lithium insertion compounds are 
being used. These compounds evades formation of dendrite as well as poor 
stability affiliated with lithium metal anodes. Capability of maintaining lithium 
activity near to unity i.e., good reversibility during lithium insertion and de-
insertion, good electronic conductivity and low electrochemical potential 
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(compared to Li metal), are the prerequisites for a good insertion compound. 
Carbon insertion anodes satisfy these requirements and are being used in 
commercial cells. In general, carbon electrodes insert lithium according to the 
following scheme [10]: 
xLi+ + xe- + 6C ⇒ LixC6     where 0 < x < 1 for layered graphite. 
Carbon nanotubes (CNTs) have also been used as LIB anode. Preparation 
methods, structure and morphology of CNTs regulate their electrochemical 
performance. For example, arc produced CNTs show reversible capacity around 
200 mAhg-1 while bamboo like carbon nanotube synthesized by chemical 
vapour deposition method displays only 135 mAhg-1. CNT based anodes are 
supposed to show improved energy and power densities with high mechanical 
strength but less yield , high cost and huge irreversible capacity loss are the 
factors which check their commercialization as anode for LIBs. Graphene 
nanosheet (GNS) with capacity of 540 mAhg-1, non-graphitic carbons and 
spinels like Li4Ti5O12 have also been investigated for the purpose.[17-19] 
Anodes possessing high lithium capacity and high stability in the contact with 
electrolyte are high demanding. Several attempt have been made to improve 
LIB anodes by synthesizing new morphology materials and binding agents, as 
well as developing new production methods. The usage of pure lithium metal 
would entirely depend on the development of the new electrolytes which can 
offer stable ambience to lithium metal. 
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1.5 Electrolytes  
1.5.1 Liquid electrolytes 
Ionic transportation inside the battery is ensured by organic electrolytes. In 
general, solution of lithium salts like LiPF6, prepared in mixture of solvents 
which have low viscosity and high permittivity, are used for the purpose. This 
type of electrolytes are called liquid electrolytes.[20] Therefore, there are two 
main constituents of liquid electrolytes, first is the lithium salts while second is 
the organic solvent(s). An ideal lithium electrolyte salt should satisfy following 
requirements:[6]  
 It should have an ability to be dissolved and dissociated completely in the 
nonaqueous solvent(s), and the solvated ions, particularly lithium cations, 
should be capable to move in the solvent(s) with high mobility.  
 The anionic part of the electrolyte should be potent against oxidative 
disintegration occurs at the cathode. 
 The anions should not react with the solvent(s). 
 Both the anionic and cationic parts must remain inactive with electrodes 
separator and packaging stuff of the battery. 
 The anionic part should possess nontoxicity and stability against reactions 
which may occur at elevated temperature other battery components 
including solvents.  
 A list of common lithium electrolyte salts used in lithium ion batteries is 
tabulated in Table 1.2.  
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Table 1.2 Common Lithium Electrolyte Salts* 
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*Adapted with permission from Xu, K., Nonaqueous Liquid Electrolytes for 
Lithium-Based Rechargeable Batteries. Chemical Reviews, 2004. 104(10): p. 
4303-4418. Copyright 2014 American Chemical Society.   
 
Similar to the lithium electrolyte salts, there are following criteria for electrolyte 
solvents to be considered an ideal choice:[5, 6] 
 The dielectric constant (ε) of the solvent should be high so that it can 
dissolve required concentration of the electrolyte salt. 
 For facile transportation of the electrolyte, the viscosity of the solvent 
should be low. 
 The solvent should be very inert towards both cathode and anode. 
 The electrochemical window of the solvent should be wide enough to 
provide stability on working high potential cathodes. 
 The solvent should possess low melting point (Tm) ,high boiling point (Tb) 
and high flash point (Tf),  
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A range of common organic solvents considered for the purpose is listed in 
Table 1.3. 









































































































































*Adapted with permission from Xu, K., Nonaqueous Liquid Electrolytes for 
Lithium-Based Rechargeable Batteries. Chemical Reviews, 2004. 104(10): p. 
4303-4418. Copyright 2014 American Chemical Society. 
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Due to ability to dissolve various lithium salt, propylene carbonate (PC) grabbed 
early interest (around 1958) for electrochemical purpose. High dielectric 
constant, an appreciable difference between boiling and melting point and 
stability in the contact with lithium, made it the primary choice as a solvent to 
dissolve lithium salts.[6] However ,very soon it was found that the capacity of 
lithium cell reduces due to  dynamic reactivity of PC with lithium metal .[21]To 
overcome this problem, the use of ethers as solvent was considered in 
1980s.High conductivity, low viscosity and better lithium morphology through 
the cycling process, presented  etheric solvents as  alternatives. However, their 
low boiling and high vapour pressure of some ether make them inappropriate 
for use.[22] Furthermore, oxidative decomposition of  some of etheric solvent 
on cathode surface which cause capacity reduction become a factor which 
limited the use of ether based solvents in the batteries.[23-25] 
The carbonate solvent got interest of the researchers after the emergence of the 
concept of “lithium ion shuttling”.[26-29] Due to high anodic stability of PC  ,it 
was again considered the primary choice as a solvent but the real revolution was 
brought by ethylene carbonate (EC) , a solvent which has higher melting point 
than PC. EC offers higher dielectric constant and comparable viscosity with PC 
which makes it better choice. However, its melting point (~36 oC) restricts its 
usage at ambient temperature condition. To use EC at room temperature, 
Scrosati and Pistoia mixed EC with PC and successfully use in place of either 
EC or  PC alone.[30] Later, it was investigated that EC as compared to PC 
improves not only improves bulk ion conductivity but also interfacial properties 
like lower polarization at cathode surface.[31] On the basis of these 
improvements, EC accepted as a co-solvent for number of new electrolyte 
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systems  and in the first commercial lithium ion rechargeable  battery , the 
EC/PC mixture was used as the solvent.[32, 33] In an another significant 
development , it was found that linear carbonates like dimethyl carbonate 
(DMC) can be mixed with EC in any proportion and can be useful not only for 
melting point suppression of EC but also for  viscosity reduction. In addition, 
these mixtures show wide electrochemical stability window (~ 5.0V).These 
developments initiated the practice to use mixture of EC with another solvents 
like PC and DMC as an electrolyte solvent for commercial lithium batteries, 
which is still in the operation.[34, 35] 
1.5.2. Safety issues associated with liquid electrolytes 
Safety is one of an important feature of any energy storage device, including 
batteries. Since the batteries are consist of oxidizers (cathode) and fuel (anode) 
in the presence of flammable organic solvents, the safety factor must be very 
high. The ignition of organic solvent due to overheating or leakage which may 
be caused due to short circuiting between cathode and anode, is reasoned to be 
responsible for most of the safety issues in the devices. For example, the most 
common liquid electrolyte, lithium hexafluorophosphate (LiPF6) in EC /PC 
solution, is prone to thermal instability as well as water sensitivity. It may 
decompose into LiF and PF5 at an elevated temperature [36, 37]. A toxic and 
corrosive hydrofluoric acid (HF) may be then released when the strong Lewis 
acid PF5 comes in contact with moisture. Consequently, the electrode materials 
may also be dissolved, partially or completely, leading to shorter lifespan and 
instability of the battery. Several attempt have been made to improve safety 
factor by trying different mixture of solvents but no significant breakthrough 
Introduction                                                                                 Chapter 1 
17 
 
took place yet. Then, the concept of non-solvent or dry electrolytes came into 
consideration and as a result, several solid polymer electrolyte (SPE) were 
developed and tested in the batteries. 
1.5.3 Solid polymer electrolytes 
Solid electrolytes, also called super ionic solids are a class of solid state ionic 
materials. After discovery of two solid electrolyte system: MAg4I5 (M= Rb, K, 
NH4) and Na –β-alumina, solid ionic materials grabber attention for ion 
conductions at room or moderate temperature.[38-40] Number of such materials  
which can conduct ions like Li+, H+, Ag+, K+, Na+, Mg 2+, F-,  broadly grouped 
into polycrystalline , glassy , amorphous, composite  ,ceramic and polymeric 
materials have been reported in last few decades.[41] Among them, polymer 
electrolytes were considered as a potential candidate for lithium ion batteries. 
The solid polymer electrolytes (SPEs) have several advantages over liquid 
electrolytes. Because of no liquid there, the problem of solvent leakage does not 
exist which improves several fold of safety factor for the batteries. In addition, 
due to flexibility and no usages of liquid, thin batteries in different desired 
shapes can fabricated by using SPEs. This provides a way to use lithium 
batteries in the fields where liquid containing batteries cannot be used. From a 
cost perspective, SPEs provide an alternative to use inexpensive metal oxide 
materials instead of expensive cobalt oxide , used in liquid lithium cells.[42] 
 Poly ethylene oxide (PEO) is the first and the most commonly used polymer 
matrix for LIBs. [43, 44].The majority of SPE are either PEO or propylene oxide 
based lithium salt complexes. The -CH2-CH2-O- groups of these polymers have 
the ability to dissolve or complex to the ionic salts. The conductivity of the 
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complex depends on number of etheric oxygen atoms per mole of salt. The 
formation of these complex depends on the competition held between lattice 
and solvation energies of the polymer and the lithium salt. It is found that the 
low lattice energy polymers and salts form more stable SPE. In a basic structure 
of a SPE membrane, Li+ ion is surrounded with PEO chains which separate the 
Li+ ion from it counter anion and guide dissolution of the salt in the matrix. The 
separated Li+ ion transferred from one PEO chain to another PEO chain as 
shown in Fig. 1.2 .The process is called hopping. The amorphous nature of the 
polymer is the best suited condition for hopping of the ions. Therefore, the 
polymer electrolyte complexes with high degree of amorphosity and low glass 
transition temperature (Tg) offer high ionic conductivity.[45-48] In general, for 
SPE, the desirable conductivity for practical application (≥ 10-4 Scm-1) can be 
achieved only above the crystallization temperature of the polymer, which is 
higher than room temperature in most of the cases. This is the main hassle to 
implement SPE in place of the conventional liquid electrolytes. To overcome 








Figure 1.2 Schematic presentation of hoping of Li+ ion in PEO matrix 
*Reprinted with permission from Reference[49]. 
 
1.6 Gel Polymer Electrolytes  
As discussed earlier, the liquid electrolytes and the solid electrolytes have their 
own merits and demerits. An ideal electrolyte for lithium ion batteries should 
have high ionic conductivity (at least   in order of 10-4 Scm-1) like liquid 
electrolytes whereas it should be ‘solvent free’ or ‘dry’ like solid polymer 
electrolytes (SPE).In addition, it should fulfil the requirements of high lithium 
transport number, high electrochemical stability, benign chemical composition 
and high mechanical stability.[5] To achieve most of these features in an 
electrolyte, the concept of ‘gel polymer electrolytes (GPEs)’ was proposed by 
Bellcore in 1994, which has earned so much attention from the battery 
fraternity.[50] A gel, by definition, is a particular state of matter, neither liquid 
nor solid, or conversely both liquid and solid.[51] In other words, gels are 
defined as a substantially diluted cross-linked system, which exhibits no 
flow.[1] Due to this physical state, gels exhibit cohesive properties of solids as 
well as diffusive properties of liquids at the same time. This duality facilitates 
gels for use in a variety of applications including polymer electrolytes.[51] 
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In general, a polymer gel is defined as a system consisting of polymer network 
swollen in liquid(s).  Most of the time these liquids are called plasticizers. The 
plasticizer(s), used in substantial quantity, provide flexibility to rigid or cross 
linked polymeric system. Based on the plasticization action, GPEs can be 
classified in two categories: the first is a homogenous GPE in which a polymer 
matrix and plasticizer(s) are mixed to form a single phase composite, while the 
second is a GPE with phase separation in which plasticizer(s) (or solvent(s)) are 
maintained in a porous polymer matrix.[5] Based on different polymeric 
matrices, several GPEs have been reported so far. Among those, the following 
five representative plasticized systems have received much more attention than 
others in view of viability. [51] 
I. Poly(ethylene oxide) (PEO) based gel polymer electrolytes 
II. Poly(vinylidene fluoride) (PVDF) based gel polymer 
electrolytes 
III. Poly(methyl methacrylate) (PMMA) based gel polymer  
IV. Poly(acrylonitrile) (PAN) based gel polymer electrolytes 
V. Poly(vinyl chloride) (PVC) based gel polymer electrolytes 
1.6.1 Poly(ethylene oxide) (PEO) based gel polymer electrolytes 
As discussed earlier, poly ethylene oxide (PEO) is the first and the most 
commonly used polymer matrix for LIBs. Initially, it was used for solid polymer 
electrolytes (SPEs) system, where lithium-ion conduction takes place via 
hopping process. [43, 44] The ion conductivity of these electrolytes   ranges 
from 10-4 to 10-8 Scm-1 in the temperature range of 40-80 oC which limits their 
applications at ambient temperature.[52] The low ion conductivity is attributed 
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to the high degree of crystallinity of PEO. To overcome the problem, several 
techniques like blending, copolymerization and cross linking of polymers have 
been used, but none of these techniques could improve ambient temperature 
performance of these systems significantly. [46, 53-56]  
The most recognizable advancement in the ionic conductivity was achieved by 
the incorporation of substantial amount of plasticizers in the PEO matrix. Ito et 
al. used polyethylene glycol (PEG) which possesses same repeating unit as 
PEO, for the plasticization of PEO-LiCF3 SO3 complexes.[57] The ion 
conductivity increased up to 10-3 Scm-1 at 25 oC,   with increasing content of 
PEG and with decrement in its molecular weight. However, in view of battery 
health, PEG contains free hydroxyl (OH) groups, and thus would not be suitable 
for the lithium ion batteries. To overcome this problem, Kelly et al. replaced 
hydroxy group of PEG with mono- and di-methoxy groups.[58] Unfortunately, 
the ion conductivity decreased by one order of magnitude for the same PEO-
LiCF3SO3 complexes. To evaluate other plasticizers performance, 
Nagasubramanian and Stefano used 12-Crown-4 ether as a plasticizer for PEO–
LiX  (X=CF3SO3 , BF4 , ClO4) complexes.[59] The highest ion conductivity 
was found to be 7 ×10-4 Scm-1 when the ether and Li –ion ratio was kept at 
0.003. 
As a noteworthy progress, Appetecchi et al. synthesised a series of composite 
electrolytes named advanced lithium polymer electrolyte membrane 
(ALPE).[60, 61]These electrolytes  consist of PEO , plasticizers (e.g., dimethyl 
carbonate, ethyl carbonate and propyl carbonate), a particular  lithium salt (e.g., 
LiN(CF3SO2)2) and a ceramic filler –  LiAlO2. The composite electrolytes 
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working as a membrane also, exhibit high ionic conductivity as well as wide 
electrochemical window. The improved performance is attributed to  LiAlO2  
filler, which is further confirmed by Borghini et al. ,  by using the same filler 
for PEO–LiN CF3 SO3 electrolyte system.[62]  
In order to increase ion conductivity, Basumallick et al. reported a simple 
method to synthesize a gel  polymer electrolyte based on PEO and LiClO4 
solution in dimethylformamide (DMF) saturated with LiOH and Li2SO3[63]. 
The ion conductivity was found to be 10-4 Scm-1 at ambient temperature and 
increased with temperature. The discharge capacity of the C/PEM/LiCoO2 cell 
was also found to be stable at cell cycling in the interval of 2.5 ± 4.0 V. The 
reported work has instigated a trend to explore different lithium salts with PEO 
and other polymers to form gel polymer electrolytes. 
 As an important breakthrough to improve ionic conductivity, Fuller et al. 
introduced a  concept of using room temperature ionic liquids (RTILs) with 
polymer electrolytes.[64] The  used ionic liquids were composed of the 1-ethyl-
3-methylimidazolium cation (EMI+) and  either  the CF3SO3- (triflate) or BF4- 
anions.To improve the room temperature ionic conductivity, Cheng et al 
successfully implemented  the  concept of RTIL with PEO based polymer 
electrolytes.[65] The incorporation of RTILs not only increased the ionic 
conductivity but also improved the electrochemical stability of the electrolytes 
significantly. 
The repetitive CH2CH2O units of PEO chains exhibit good solvating ability with 
respect to Li- ions. Several studies have shown that the polymer chain segments 
become flexible and mobile in GPEs systems, which further increase 
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dissociation of Li –ions, and thus the conductivity increases. As far as 
commercial aspect of PEO based GPEs   is concerned, several battery 
manufactures including Mitsubishi Chemical Corporation, Sanyo Electric Co. 
Ltd., Yusua Corporation and Hitachi Maxwell Ltd., have commercialised 
lithium ion batteries, which contain on PEO  based GPEs. By analysing the 
performance of these batteries, Sanyo Co. claims that the weight ratio of PEO 
to electrolyte solution plays a vital role on the performance of the battery, and 
the weight ratio should lie between 1:12 to 1:8.[5] 
1.6.2 Poly(vinylidene fluoride) (PVDF) based gel polymer electrolytes 
High anodically stability of poly(vinylidene fluoride) (PVDF)  and its 
copolymer poly(vinylidene fluoride) - hexafluoropropylene  (PVDF-HFP)  due 
to presence of strong electron-withdrawing bond (C-F),make them popular 
choice  as polymer host for LIBs.[66, 67] These polymers offer high 
electrochemical stability and incombustibility because of the presence of 
functional C-F groups in their structure. In addition, the C-F bonds can lead to 
high dielectric permittivity, which enhances dissolution of lithium salts and 
eventually provide a considerable concentration of charge carriers. In 1981 , 
Watanabe et al. demonstrated successfully film formation of PVDF  with Li salt 
in presence of EC and/or PC  solvents in proper proportion.[68] 
 The most serious issue of PVDF based electrolyte, reported by Choe et al, was 
its interfacial stability towards lithium metal. In general, flourine based 
polymers reacts with lithium and form LiF, which is detrimental for LIB . Choe 
et al demonstrated that PVDF based electrolytes with LiN(SO2CF3)salt solution 
in PC  showed  conductivity in order of 10-3 Scm-1 and their oxidative stable 
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potential fell between 3.9 to 4.3 V versus Li+/Li. It is one of the reason that 
PVDF its copolymer based polymer electrolytes are used mainly with carbon 
anodes only, in lithium-ion batteries.[69] 
The first report on the preparation of heterogeneous polymer gel electrolytes 
based on PVDF-HFP was surfaced by the Bellcore company (presently,  known 
as Telcordia Technologies USA) which triggered the studies of polymer gel 
electrolytes based on PVDF-HFP polymer).[70] The main benefit associated 
with PVDF-HFP is it lower crystallinity which facilitates better soaking ability 
of organic solvents like EC, PC and DEC as comparing to PVDF.  
Tarascon et al.[71] have reported the following procedure for preparing the 
PVdF-HFP based polymer electrolytes. Firstly, PVdF-HFP and dibutyl 
phthalate (used as a plasticizer) were dissolved in acetone and then solution 
casted. The plasticized polymer films with excellent mechanical properties were 
obtained after evaporation of the solvent. The plasticizer was extracted into an 
appropriate low boiling solvent and eventually, a porous structure was formed 
in polymer layers, which was later filled with a liquid organic electrolyte. As a 
result of activation, the membranes swell and transform into gel electrolytes. 
The ionic conductivity of the gel electrolyte based on PVDF-HFP and a 1 M 
LiPF6 solution in EC/PC was found to be in order of 10-4 Scm-1 at room 
temperature. The main drawback of this method was the safety issue associated 
with the usage of large volumes of volatile and flammable solvents. 
In 2008, PVDF & PVDF-HFP based microporous membranes were prepared by 
thermal induced phase separation (TIPS) technique. [72, 73] The polymer was 
dissolved in a diluent (sulfolane) and the resulting solution was kept in liquid 
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nitrogen. The films were prepared by the mould pressing on heating; the diluent 
was extracted into water and ethanol to obtain the porous structure. The ready 
membranes were vacuum dried for the removal of solvent traces and then 
impregnated with a 1 M LiPF6 solution in the mixture of organic solvents like 
EC, PC and DMC. Studies of the polymer matrix morphology have confirmed 
the presence of spherulites. The pores between spherulites were interconnected, 
which facilitated Li+ ion migration in the polymer gel electrolyte. Decrement in 
the copolymer content in the mixture with diluent caused increment the share of 
network regions while reduction in  the degree of crystallinity , which eventually 
enhanced the degree of porosity and liquid electrolyte absorption. The 
maximum ionic conductivity was found to be in order of  10-3 S cm-1 at 20oC, 
the electrolyte uptake was upto  182.1% while  the transport number of lithium 
ions was calculated, 0.55. The polymer gel electrolytes were electrochemically 
stable up to 4.7 V (vs. Li/Li+). 
Gel electrolytes based on PVDF and PVDF-HFP exhibit high ionic 
conductivity. However, low lithium cyclic efficiency, proven by cyclic 
voltammetry, suggest that these polymer based electrolytes may be better suited 
for primary batteries rather than secondary batteries, particularly with lithium 
metal anode. [51] 
1.6.3 Poly(methyl methacrylate) (PMMA) based gel polymer electrolytes 
Poly (methyl methacrylate) (PMMA) was first used as a gelatinization agent in 
1985  by  Iijima et al. [51] The conductivity of the synthesized gel with 15 wt% 
of  PMMA loading ( average molecular weight of 7000 ) was  found to be in 
order of  10-3 S cm-1 at 25 oC. Later, Appetecchi et al. studied PMMA based gel 
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polymer electrolytes with different plasticizers. They found that 
electrochemical stability of these polymer electrolytes relied on the polymer 
host and lithium salt complex.[74] Arrhenius plots showed that the electrolytes 
exhibited conductivities in the order of 10-3 S cm-1 at 60 oC and even at low 
temperatures (e.g., down to -20 oC), the conductivity remains quite high (around 
10-4 S cm-1).  In addition, transference numbers for PMMA based electrolytes 
were found higher than those obtained for conventional PEO-based polymer 
electrolyte systems. 
 The influence of the salt and the solvent on the properties of PMMA based gel 
polymer electrolytes was studied by Sekhon et al. [75-77] They demonstrated 
the conductivity and viscosity  behaviour of the gel polymer electrolytes consist 
of different lithium salts  LiX [X=ClO4, CF3SO3, N(CF3SO2)2]  and different 
aprotic solvents like PC (Propyl carbonate), EC (ethyl carbonate), GBL 
(gamma-butyrolactone)  and their binary mixtures. They also explained the role 
of polymers in the mechanism of ionic conduction. The addition of PMMA to 
lithium-conducting electrolytes enhanced the solution viscosity while reduced 
their ionic conductivity. It was shown that the polymer plays a passive rather 
than the solvating role in these systems. The conduction mechanism in PMMA 
based gel electrolytes is the same as in liquid electrolytes, but the polymer 
matrix imparts mechanical stability to gels making easier the cell fabrication. 
For all systems, the maximum conductivity at 25 oC was found to be 10-3 Scm-
1. The highest conductivity was exhibited by a gel electrolyte containing the 
LiN(CF3SO2)2 salt in a concentration of 1 mol L-1.  
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The conductivity of polymer gel electrolytes with solvents under study 
increased in the following series: 
PC<PC/EC<PC/GBL<EC/GBL<GBL<EC. 
1.6.4 Poly(acrylonitrile) (PAN) based gel polymer electrolytes 
Among non-epoxy group containing polymer hosts, only  poly(acrylonitrile) 
(PAN)and PVDF formed homogenous hybrid films with molecular level 
dispersion of salt and the plasticizer, as investigated by Watanabe et al.[68] It 
was also reported that the ionic conductivity of solid electrolytes consist of 
LiClO4, a plasticizer and PAN, depended on the mole ratio of the plasticizer and 
LiClO4. The piece of work also inferred that PAN host remained inactive in 
ionic conduction process, thus only provided a matrix of structural stability.  
In contrast to earlier discussed work, [68] Chu and He demonstrated a complex 
formation between lithium ion and PAN. Hence, the polymer matrix served not 
only as a framework that reinforced the gel electrolyte structure but it also may 
took part in the transport of Li+ ions.[78] The mechanisms of ion conduction 
like diffusion in solution mixture or along the polymer chain and hopping 
between polymer and solvent, could be well understood by correlating the 
conductivity with lithium ion mobility activation energy.  
To interpret the experimental data on the dielectric permittivity, ionic 
conductivity and thermal properties of the PAN-EC-PC-LiTFSI system, a 
model  was proposed as shown in  Fig. 1.3.[79] In both cases (a) and (b), the 
participation of CN group in ionic conductivity were discussed, which 
confirmed an active role of PAN matrix in ionic conductivity process. 
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Two PAN based gel electrolyte systems, PAN7LiPF6-EC-PC and PAN-LiPF6-
EC-PC-GBL, were studied by Akashi et al.[80, 81] The Gel electrolyte films 
were prepared by solution casting technique. All components were mixed and 
the resulting viscous solution was placed on a metal plate preheated to 110 oC 
and subsequently cooled to obtain uniform flexible films. The ionic 
conductivity of all systems at room temperature were found to be more than 10-
3 S cm-1. The gel electrolyte solutions were used for impregnation of cathodes, 
anodes and separators on assembling the LiNi0.8Co0.2O2/C model cells. Heating 
at 40 oC induced cross-linking of PAN, which formed gel electrolyte films on 
the electrode surfaces. All these factors contributed to develop a good contact 
between electrodes and the electrolyte and eventually, to achieve high 
efficiency of the cell.  
In general,  PAN based gel electrolytes based on PAN, exhibit the high ionic 
conductivity at room temperature (~10-3 S.cm-1) , electrochemical stability up 
to 4.5 V (vs. Li/Li+) and high transference  number  of  Li+ (~0.6). Such 
characteristics allow these gel electrolytes to be used in lithium polymer 
batteries. Furthermore, PAN is a sufficiently fire-resistant material, which 
ensures the safety of the electrolytic system.[82]However, PAN is an 
amorphous polymer which crystallizes at low temperature and it shows poorly 
solubility in low-boiling point and volatile solvents, which raises complications 
during preparation of gel electrolytes. To overcome from issue , PVC was used 
as a polymer additive by Rajendran et al.[83]  
 





Figure 1.3 The pictorial model  of the PAN-EC-PC-LiTFSI gel polymer 
electrolyte system.(a) a cage formed by the PAN matrix consisting of 
EC/PC molecules bound to CN groups, some Li  ions solvated by EC/PC 
molecules and CN groups, (b) a gel electrolyte cage showing all “free” Li 
ions solvated by EC/PC and CN groups. 
*Reprinted with permission from Reference [79]. 
1.6.5 Poly(vinyl chloride)(PVC) based gel polymer electrolytes 
A poly(vinyl chloride)(PVC) based complex with  LiTFSI , dibutyl phthalate 
(DBP) and dioctyl adipate (DOA) was developed by Sukeshini et al.[84] The 
ionic conductivity of the films made of the complex increased with decrement 
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in PVC content and reached maximum of 10-4 Scm-1 at room temperature. The 
electrochemical stability remained close to 4V at 60 oC .However lithium 
deposition and striping in the cathode side attributed to reaction between DBP 
or DOA with lithium were noticed.    
Alagmir and Abraham demonstrated the cycling behaviour of PVC based gel 
electrolyte in a cell comprised of LiMn2O4 as cathode and lithium metal as 
anode.[85] The membrane consist of 10 % PVC and 5% LiTFSI exhibited ionic 
conductivity in order of 10-3 Scm-1 at 20 oC. 
Since most of the PVC based gel electrolytes had several issues like stability 
and poor ionic conductivity, some blends like PVC-PMMA and PVC - 
poly(acrylonitrile-butyl acrylate) have been analysed for gel electrolyte 
preparation.[86-88] However, the capacity of cells assembled with these 
electrolytes reduced substantially on cycling, attributed to the formation of 
passivating LiCl layers on the anode surface.  
1.7 Single Ion Conducting Polymer Electrolytes  
To overcome the difficulty of the inherently low ionic conductivity of 
conventional SPEs, the concept of single ion conducting gel polymer electrolyte 
(SIPE) was recently proposed.[24, 25] These SIPEs provide several advantages 
over the liquid lithium salt electrolytes and the conventional SPEs, both of 
which behave as dual-ion conductors upon charging and discharging. [26] The 
SIPEs not only provide high ionic conductivity but also eliminate the problem 
of concentration polarization.[18, 26] The membranes of the electrolytes 
normally consist of a polymer electrolyte salt as well as low temperature flexible 
polymers serving as a binder.[24, 27, 28] With a proper porosity in the 
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membranes, organic solvents can be accommodated to form a gel-electrolyte to 
enhance the ionic conductivity. The commonly used organic solvents include 
ethyl carbonate (EC), propyl carbonates (PC), etc.[12, 29] In contrast to the 
conventional SPEs, in which ion conduction is realized via a hoping 
mechanism, [24, 30, 31] high ionic conductivity in SIPEs can be achieved both 
through charge separation arising from the electron delocalization of the anionic 
species and through the liquid media. For example, Kerr et al. synthesized a 
single ion conductor based on lithium bis(allylmalonato)borate (LiBAMB) and 
comb-branched polyepoxide ether to serve as an electrolyte and demonstrated 
significant battery performance at room temperature[32, 33] Remarkably, they 
found that the ionic conductivity was increased by 2 orders of magnitude in the 
SIPE membrane with an organic solvent over in a dry polyelectrolyte. Recently, 
we reported successful synthesis and fabrication of a class of boron based SIPE 
membranes with substantially higher ionic conductivity than what was observed 
in conventional SPEs. [34] These compounds exhibit good thermal stability, 
with ionic conductivity comparable to that of liquid electrolytes. This structural 
arrangement enables high lithium mobility in an electrochemical process [92, 
95-98].  
1.8 Research Objectives 
As discussed in the previous sections of the chapter, different types of 
electrolytes possess their own merits and demerits. Realising the importance of 
cationic transference number, several attempts have been made to restrict 
anions’ movement and thus to improve cations’ contribution significantly. 
Despite the successful validation of the concept   of   single ion polymer 
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electrolyte (SIPE), very limited number of   SIPEs are reported so far. Indeed, 
operability at elevated temperatures only, is the biggest hassle which limits the 
applications of the reported SIPEs. However, several polymers of low 
temperature flexibility and their blends could be helpful to overcome the 
problem if to be used for the synthesis of SIPEs.  
In order to explore the concept of SIPE, the main objective of this study was to 
develop new single ion electrolytes based on polymers and three dimensional 
frameworks for the lithium ion batteries. More specifically, the objectives of 
this thesis include:  
 Development of functionalized porous polymeric single ion 
electrolyte cum separator 
 Development of single ion gel polymer electrolytes based on 
different polymers 
 Development of single ion electrolytes based on porous three 
dimensional frameworks  
 Development of single ion electrolytes for high charge-discharge rate 
performance  
 Physical properties characterization of the synthesized electrolytes 
 Electrochemical properties measurement of the synthesized 
electrolytes   
 Performance measurements of the batteries consist of the synthesized 
electrolytes 
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The result of this present study may contribute to a better understanding of 
single ion electrolytes by developing and evaluating the new single ion 
electrolytes. Since this study also deal with three dimensional porous networks 
which has not been examined for the synthesis of the electrolytes, the study may 
lay the foundation of exploring a new class of the materials to be used as an 
electrolyte for the lithium ion batteries. In addition, the study could pave the 
way to use SIPEs at ambient temperature condition. 
The main focus of this study is to synthesize single ion electrolytes specifically 
for lithium ion battery use. The other batteries including lithium–sulfur and 
lithium-air batteries are beyond the scope of this study. The gel polymer 
electrolytes based on small molecule electrolytes have already been studied 
before. Therefore, these are not considered in this thesis. Since, metal organic 
frameworks (MOFs), a type of three dimensional porous framework, cannot be 
used as a single ion electrolyte,[89] these are not central of this study and hence 
are beyond the scope of this thesis.  
The detailed characterizations techniques used for this study will be discussed 
in Chapter 2. The detailed study of   the synthesised single ion electrolytes will 
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2.1 Preface to Chapter 2  
Experimental and characterization techniques and the principle thereof, applied 
in synthesis and characterization of single ion conducting electrolytes, electrode 
fabrication and coin cell assembly, are outlined in this Chapter.  Electrochemical 
studies including electrochemical impedance spectroscopy (EIS), ionic 
conductivity measurement, transference number, cyclic voltammetry (CV), 
linear scale voltammetry (LSV) and battery cell performance analysis are also 
discussed here. 
2.2 Fourier Transform Infrared Spectrometer (FTIR) 
Infrared spectroscopy is a widely used absorption spectroscopy technique that 
deals with the infrared region of the electromagnetic spectrum. The infrared 
region of the electromagnetic spectrum can be divided into three regions: near 
IR (14000-4000 cm-1, 0.8-2.5 μm wavelength), mid IR (4000–400 cm−1, 2.5–
25 μm), and far IR (400–10 cm-1, 25–1000 μm). This spectroscopy is based on 
the principle that the molecules absorb specific frequency radiation that matches 
the transition energy of particular bond or groups that vibrates and eventually, 
the frequency corresponds as a characteristic frequency of the bond or the group. 
For a vibration mode, dipole change must be occur in molecule to be IR active. 
In this work, FTIR spectra were recorded on a Varian resolutions (version 
4.0.5.009). Approximately 400 mg of dry KBr powder was mixed with 6-8 mg 
of sample, with the help of a mortar and pestle, to form a pellet. After 
performing a background scan, the FTIR spectrum of the pellet was obtained in  
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the frequency range of 4000 to 400 cm-1. The background scan was 
subsequently subtracted from the pellet’s spectrum to get pure sample spectrum. 
2.3 Nuclear Magnetic Resonance (NMR) Spectroscopy 
 
Nuclear Magnetic Resonance Spectroscopy is a very common and widely use 
technique based on magnetic properties of certain atomic nuclei. When a 
population of a magnetic nuclei is placed in an external magnetic field, the 
nuclei become aligned in a predictable and finite number of orientations. In 
presence of electromagnetic radiation of suitable wavelength, fall in radio-
frequency range, nuclei in lower energy spin state get excited to higher energy 
spin state, and on removal of applied energy, they relax back in original spin 
state by emitting electromagnetic radiation of the particular frequency which 
depends on energy gap between the two states. The fluctuation of the magnetic 
field associated with this relaxation process is called resonance. The resonance 
can be detected in the form of a free induction decay (FID), a weak signal which 
can be improved further with help of Fourier transform and a frequency- domain 
spectrum, known as NMR spectrum can be obtained.  The energy of absorption, 
resonant frequency and the intensity of the signals depends on the strength of 
the applied magnetic field and the natural abundance of the isotope. This 
technique is used for determining the content, purity and molecular of a sample. 
1H, 13C, 15N, 29 Si are some of among NMR active nuclei. The nuclei of isotopes 
which have fractional spins (I = 1/2; 3/2; 5/2 etc) can only be characterized 
through the NMR spectroscopy. 
In the present work, 1H, 13C and 29 Si, NMR spectra were recorded on Bruker 
Avance 300 (AV300) and Bruker Avance 500 (AV500) spectrometers at 300 
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and 500 MHz, respectively. Dimethyl sulfoxide-d6 and Chloroform-d were 
used as solvents for NMR test. Tetramethylsilane (TMS) has been used as an 
external standard for these NMR characterizations.  
2.4 Elemental Analysis  
 
Elemental Analysis (EA) is a methodology to analyse elemental and isotopic 
composition of a material. This analysis can be both quantitative and qualitative. 
For the present study, following two type of EA are used. 
 For organic materials, CHNX analysis (carbon, hydrogen, nitrogen and 
heteroatoms like halogens or sulphur) is the most common EA. This analysis 
helps to understand the structure as well as the purity of the material. 
2.4.1 CHNS analysis 
 
For organic materials, CHNS analysis (carbon, hydrogen, nitrogen and sulphur 
detection) is the most common EA technique. This analysis helps to understand 
the structure as well as the purity of the material. Nitrogen is analyzed by 
Kjeldol method, while carbon, hydrogen and sulphur elements are analysed by 
converting to CO2, H2O and SO2, respectively. In the present work, the 
commercial instrument, CHNS elemental analyser (Elementar Vario MICRO 
CUBE) was used for the analysis. 
2.4.2 Inductively coupled plasma- optical emission spectroscopy (ICP-
OES) 
 
ICP-OES is another powerful analytical technique used for analysis of trace 
metals present in a sample. [90] It is an emission spectroscopy technique, which 
uses the inductive coupled plasma to produce excited ions and atoms that emits 
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electromagnetic radiation of the wavelength corresponding to a particular 
element. The inductively-coupled plasma consists of a hot and partially ionized 
gas containing an abundant concentration of cations and electrons, which make 
the plasma a good conductor. In this technique, either mineral acids or aqua-
regia are used to dissolve material, prior to feed into the plasma. In the present 
work, inductively coupled plasma optical emission spectrometer (ICP-OES, 
Optima 5300 DV) is used. 
2.5 Gel Permeation Chromatography (GPC) 
 
Gel permeation chromatography, also known as size exclusion chromatography, 
is a widely used technique to determine molecular weight and molecular weight 
distribution parameters based on the polymer's hydrodynamic volume, directly. 
It is a type of liquid chromatography where solid stationary and liquid mobile 
phase are used. The stationary phase consists of beads of porous polymeric 
materials while organic solvents are used as the mobile phase. The polymer, to 
be analyzed, is first dissolved in a solvent. On complete dissolution, the 
polymeric molecules coil up on themselves to form a coil conformation, like a 
ball of string and eventually, despite being chains, they behave like tiny spheres. 
The size of the spheres depend on the molecular weight. These coiled up 
polymer molecules then injected into the mobile phase which pass through the 
stationary phase packed column. If the coiled polymer molecules are larger than 
biggest pores in the beads, then they bypass the pores and carried straight past 
by the mobile phase  and cross the column in short time but if the molecules are 
smaller than the pores, then they are trapped in the bead pores and take longer 
time to pass through the column . The elution or retention time of the polymer 
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molecules helps to calculate molecular weight and molecular weight 
distribution of the polymer , by comparing it with known polymer(s)’ molecules  
retention time which are used for calibration. The technique calculates Mn, Mw, 
Mz, Mz+1 average molecular weights and poly dispersity index (PDI) of the 
polymer.[91, 92]  
 In the present work, molecular weight and poly dispersity index (PDI) were 
measured by gel permeation chromatography (GPC) (Waters 515 HPLC Pump, 
Waters 2707 Autosampler, Waters 2414 Refractive Index Detector). Pure water 
and tetrahydrofuran (THF) were used as an eluent at a flow rate of 0.8 mlmin-1. 
Polyethylene oxide (PEO) and Polystyrene standard were used for calibration. 
2.6 Thermogravimetric Analysis (TGA) 
 
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) are 
the two complementary thermal analysis techniques. In TGA, changes in 
physical and chemical properties of materials are measured as a function of 
increasing temperature with constant heating rate or as a function of time with 
constant temperature/ mass loss. The TGA plots are known as thermograms 
where results are plotted in the form of percentage weight loss on y-axis and 
temperature on x-axis. Whereas, DTA provides the change in enthalpy (heat 
content) as a function of temperature when the sample is subjected to heating at 
constant rate, and the results are presented as a graph of derivative weight loss 
(dTG) vs temperature. In the work, TA instrument 2960 (DTA-TGA) that 
covers a temperature ranging from 25 to 1000 oC has been used.  
2.7 Differential Scanning Calorimetry (DSC) 
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Differential scanning calorimetry (DSC) is a thermo-analytical technique used 
to measure glass transition temperature, melting point, crystalline phase 
transition temperature and energy, heat of fusion, oxidation induction times and 
specific heat or heat capacity of the material. In this technique the difference 
between the amount of heat required to raise the temperature of a material and 
reference is measured as a function of temperature. The DSC instrument is 
designed in such a way that temperature of the sample holder can be increased 
linearly as a function of time. Power compensation DSC and heat flux DSC are 
two basic types of DSC instruments. In power compensation DSC, two different 
furnace are used for heating both sample and reference separately and the 
difference of power input between the sample and reference holder is measured 
as a function of time. In heat flux DSC, both sample and reference are heated 
by a single furnace and the enthalpy or heat capacity changes occurring in the 
sample cause temperature difference between sample and reference which is 
related with enthalpy change in the sample and can be converted into heat flow 
information. The result is plotted between heat flow and temperature, in general, 
to show the behaviour of material as a function of temperature.[93-95] 
In the present work, the DSC study was carried out on a Differential Scanning 
Calorimeter (DSC-Q 100 model, Mettler Tolledo, Inst., USA) in N2 atmosphere 
(flow rate: 60 cm3min-1) at the heating rate of 10 oC min-1 . The temperature 
range of the experiment varies for different materials.  
2.8 Scanning Electron Microscopy (SEM) 
 
SEM is a type of electron microscopy, widely used in the field of materials 
research to study the surface structure of the solids in association with 
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information about particle size shape and texture of the material. In the SEM, 
focused electron beam interacts with the atoms of the sample surface and 
detector counts number of radiated secondary electrons as well as other 
radiations, from every point of the surface. These produced signals provide the 
information about the topography and composition of the sample surface. A 
typical SEM has three parts: (a) electron optical column together with electron 
gun, (b) a vacuum system which includes sample chamber and stage, and (c) 
detector and display unit. 
An electron gun fitted with a tungsten filament cathode emits the electron beam 
of 0.2 keV to 40 keV range energy. The beam is focused on the sample surface 
via condenser lenses and through pairs of scanning coils. On interaction with 
the sample, the energy exchange takes place between the electron beam and the 
sample, which produces high-energy electrons by elastic scattering, secondary 
electrons by inelastic scattering, and electromagnetic radiation. The scattered 
electrons and electromagnetic radiation are detected by specialized detectors.  
For a SEM measurement in the present work, firstly, powder samples were 
sprinkled on a double sided carbon tape pasted on the sample holder. Excess of 
samples were blown away with help of air pump. Insulating samples were 
coated with thin platinum (Pt) film using a sputtering technique under 9 Pa at 
room temperature (20s, 30mA) with JEOL JFC-1600 Fine Coater. The coating 
helps to increase signal/noise ratio for the sample of low atomic number (Z) and 
improve secondary electron emission for the sample of high atomic number (Z) 
as well as prevent electrical charging of the sample. For analysis, JEOL JSM-
6701F instrument was used 




Figure 2.2 Schematic of an SEM. 
 
2.9 Surface Area Measurement and Pore Size Distribution 
 
The BET (Brunauer–Emmett–Teller) method, an extension of the Langmuir 
theory of monolayer formation, is the most widely used method for 
determination of surface area of a particular material. The BET theory is based 
on the following five assumptions [96]:  
(1)  The sample surface possesses well defined sites where adsorption occurs.  
(2)  No lateral interaction takes place between molecules 
(3) Adsorption and desorption rates of molecules remain similar which keep the 
uppermost layer in equilibrium with the gas phase. 
(4)  Since desorption is kinetically controlled process, heat of adsorption must 
be provided.  
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(5) At saturation pressure, the number of molecule layer approaches to infinity. 
 



























where V is the adsorbed phase volume, Vm is the volume of a complete 
monolayer, C is the BET constant, P is the pressure, P0 is the saturation pressure 
of the adsorptive, and  P/P0 is the relative pressure. The BET constant C express 
the magnitude of the adsorbate-adsorbent interaction.  
The following linear form of BET equation is used to determine the surface area 
























Plot of  P/V(Po-P) vs. relative pressure P/Po determines the gradient m (m= (C-






















The BET specific surface area can be calculated from the following expression, 
 
AmBET NVa  σ (5.) 
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where NA is the Avogadro constant and σ is the molecular area (for N2 = 0.162 
nm2). 
The pore size distribution (PSD) was measured by nitrogen adsorption-
desorption isotherms at 77K and 1 bar. 
2.9.1 Non-local density functional theory (NLDFT) for pore size 
distribution 
 
Density functional theory (DFT) is a computational modelling technique used 
for investigation of electronic structure of multi body systems like atoms, 
molecules or condensed phases. The technique, which uses the intrinsic free 
energy of a system as a functional of the particle distribution function, has also 
been used to describe the porosity of   materials by understanding the sorption 
and phase behaviour of inhomogeneous fluids confined to the porous materials. 
In this method, by calculating equilibrium density profiles of a fluid adsorbed 
on surfaces as well as in pores, the adsorption/desorption isotherms and heats 
of adsorption can be derived. The DFT calculation based on statistical 
mechanical results is called local DFT which provides very accurate results 
qualitatively, but unable to maintain accuracy quantitatively, particularly for 
small pores. 
Non-Local Density Functional Theory (NLDFT)  describe the behaviour of 
fluids confined in the pores on a molecular level which allows molecular 
properties of gases to be related to their adsorption properties in pores of 
different sizes. Therefore, the NLDFT approach is applicable to the whole range 
of micropores and mesopores characterization. The instrument (Micromeritics 
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ASAP 2020) used for PSD analysis has inbuilt set up for the NLDFT 
calculation. 
2.10 Electrochemical Impedance Spectroscopy (EIS) 
 
Electrochemical impedance spectroscopy (EIS) is a powerful and non-
destructive tool for characterization of electrochemical systems like battery and 
fuel cell. This technique measures the impedance over a range of frequencies, 
and therefore the frequency response of the system under different storage and 
usage conditions. In EIS, the electrochemical device is kept at a fixed potential 
and an alternating current (ac) of small amplitude (5-10 V) is passed through 
the device, to get a psuedo-linear response. The response is measured in terms 
of amplitude and phase of resultant which provide overall impedance response 
of the system. The impedance variation of the system can   be obtained as a 
function of frequency, by varying the frequency of ac signal.  The impedance 
data obtained by EIS, expressed in a graphical form plotted between the real 
(in-phase, Z’) and imaginary component (out of phase, -Z’’) of the complex 
system. The plot depending on the way of presentation, is called either a Bode 
plot or a Nyquist plot. [14] 
The total impedance is obtained as the resultant of the different type of 
impedances like bulk and charge transfer impedances, and the impedances 
developed due to various processes like electron transfer, diffusion, passivating 
layers etc. The relative contribution of the impedances vary with frequency.  A 
passive complex electrical system consist of both energy dissipater i.e., as a 
resister and energy storage i.e., as a capacitor elements.  
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Quantitative EIS data analysis may be done by using different model consist of 
combination of resistors and capacitors in series or  parallel  in such a fashion 
that each equivalent circuit element corresponds to a component of the 
electrochemical system, so that, the model  can simulate the experimental 
impedance spectrum. A number of common circuit elements and their 
corresponding impedances are tabulated in Table 2.1.[97]  
 
Table 2.4 Common Circuit Elements Used in EIS Models 
 
Circuit Element Impedance 
R (resistance) R 
C (capacitance) 1/jωC (j= √-1 , ω =angular frequency) 
L (inductance) jωL 
W (Warburg Diffusion impedance) Y/√(jω) (Y= Diffusion resistance) 
CPE (Constant Phase Element) 1/(jωC)α   ( C= ideal capacitance and α = 
empirical constant 0< α <1; at α CPE 
behaves at an ideal capacitor) 
 
A sample model called Randles model consist of  R1( electrolyte solution 
resistance), R2 (charge transfer resistance), CPE and W, and the corresponding 
Nquist plot comprises of single frequency dependent semicircle followed by a 
spike line , are shown in Fig. 2.2. 




Figure 2.3 An equivalent circuit model (inset) and corresponding Nyquist 
plot of EIS response of an electrochemical system. 
 
2.10.1 Ionic conductivity measurement  
 
In the present work,  ionic conductivity of the polymer electrolytes was 
measured by electrochemical impedance spectroscopy (EIS) using the Zahner 
potentiostate-galvanostatate electrochemical workstation model, PGSTAT, 
with the EIS module over a frequency range of 4×106 to 1 Hz and an oscillating 
voltage of 5 mV. A stainless steel cylindrical device of 1.5 cm diameter was 
used for conductivity measurement. Electrolyte membrane was placed in the 
device and sealed in a glove box under argon and was placed inside a beaker in 
an oil bath.  A cotton wrapping was used around the beaker for temperature 
control. Prior to analysis, samples were heated at 80 oC to maximize the contact 
between the electrolytic membrane and the surfaces of the device plates serving 
as the electrodes. The fitting of the raw data was done by using the Simulated 
Impedance Measurement (SIM) software. The ionic conductivity at different 










where σ is the conductivity of the membrane, and l, R and a represent the 
thickness, the resistance calculated from EIS followed by fitting and the area of 
the membrane, respectively.  
2.10.2 Linear sweep voltammetry (LSV) and cyclic voltammetry (CV)  
 
Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) are two 
extensively used techniques in electrochemistry for attaining qualitative and 
quantitative information about redox reactions, alloying- de-alloying reaction, 
phase transition, diffusion and electro transfer kinetics.  
In LSV, the potential (V) is of the working electrode is varied linearly with time 
between two values i.e., the initial (Ei) and final (Ef), while the current (I) is 
measured as a function of the potential, concurrently. Oxidation or reduction is 
recorded as a peak or trough in the current signal corresponding to the potential 
at which oxidation or reduction to be occurred. The resulting current- voltage 
plot is called linear sweep voltammogram.[98, 99] A linear sweep 
voltammogram obtained during present study is shown in Fig. 2.3. 
Cyclic voltammetry is very similar to LSV. In this technique, the potential is 
swept between two values V1 and V2 with constant scan rate, and once voltage 
reached V2, scanning starts in reverse direction and voltage is swept back to 
V1. Depending on the information required, the process can be repeated to more 
than one cycle. The resulting current-voltage plot is called cyclic 
voltammogram.  It also provides information about the oxidation and reduction 
reactions. A cyclic voltammogram obtained during present study is shown in 
Fig. 2.4. 




Figure 2.4 Linear Sweep voltammogram of PSSBSI/PVDF membrane at 
room temperature. Scan rate is 1 mVs-1. 
 
 
Figure 2.5 Cyclic voltammogram of MTF-Li/PVDF membrane at room 
temperature. Scan rate is 1 mVs-1. 
 
In the present work, the electrochemical stability of single ion conducting 
polymer electrolytes was estimated by LSV and CV techniques. In both 
techniques, the electrochemical test system was comprised of two electrodes, 
stainless steel working electrode and a lithium metal foil as a reference 
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electrode. The polymer electrolyte membrane was sandwiched between two 
electrodes. All of operations were done in the argon-filled glove box. The scan 
rate was kept 1mVs-1 while potential was swept from open circuit voltage 
(OCV) of the device to voltage upto 7V. 
2.10.3 Transference number  
 
For understanding of ionic transport behaviour of a battery electrolyte, 
knowledge on transference number of the ions is essential. During current flow, 
concentration gradients are developed across the lithium ion cell and they 
depend on the lithium ion transference number. The total current is carried by 
cations and anions present in the cell. However, the anionic portion is a waste 
and does not play any constructive role in the cell performance. So it would be 
better if most of the part of total current is carried by cations, which depends on 
cation (or lithium ion, in case of LIB) transference number. The cation 
transference number (t+) is defined as the net number of faradays of charge 
carried by the cation constituents across a reference plane (fixed relative to the 
solvent) in the direction of the cathode, during the passage of one faraday of 
charge across the plane. Several methods have been proposed to calculate cation 
transference number with their advantages and limits.    
 In the present work, lithium-ion transference number (tLi+) was measured using 
Li/single ion electrolyte membrane/Li, where the single ion electrolyte 
membrane swollen in the EC/PC solution was mounted between two non-
blocking lithium metal electrodes.[98, 100] The tLi+ value was measured based 
on the combination of complex impedance and potentiostatic polarization 
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where ΔV is the DC potential applied across the cell; Is and Io are the steady-
state and the initial current determined by the DC  polarization, respectively. Ro 
and Rs are the EIS measured resistances before and after the DC polarization. 
Zahner potentiostate-galvanostatate electrochemical workstation with the EIS 
module over a frequency range of 4×106 to 1 Hz and an oscillating voltage of 5 
mV was used for resistance measurement while Scanning Electrochemical 
microscope (CH Instruments, USA) was used for DC polarization 
measurement. 
2.11 Fabrication of Coin Cell 
 
2.11.1 Electrode fabrication 
 
The composite cathode was prepared by casting a well stirred slurry of LiFePO4 
(75%), PVDF (10%), acetylene black (10%) and a small amount of lithium 
bis(4-carboxy phenyl sulfonyl)imide (5%) as a supporting electrolyte in a NMP 
solvent onto an aluminium foil. PVDF is used for binding purpose while 
acetylene black provides conductivity. The resulting electrode was dried in a 
vacuum oven at 80 oC for 12 hours. The dried thick cathode film (10-30 µm) 
was then cut into a circular shape and transferred inside a glove box for 
assembly of the standard coin cells (CR2025). 
 




Figure 2.6 Schematic of coin cell assembly and (b) photograph of assembled 
coin cell. 
 
2.11.2 Coin cell assembly 
 
 The coin cells were assembled inside the glove box under argon gas atmosphere 
using LiFePO4 based fabricated electrode as cathodes and lithium foil as anodes. 
The glove box (Innovative Technology Inc , USA) maintains oxygen and 
moisture level < 1ppm and atmospheric pressure between 1-2 atm . For coin cell 
assembly, stainless-steel cup and lids of coin cells CR 2025 (20 mm diameter 
2.5 mm thickness) comprised with LiFePO4 cathode, Li metal anode and EC/PC 
swollen single ion polymer electrolyte membrane were used. The cathode was 
placed in the centre of the cup which forms +ve terminal of the cell and 
subsequently covered with the swollen polymer electrolyte membrane. Circular 
lithium metal disc of 13 mm diameter and ~0.6 mm thickness was placed 
centrally upon the membrane. To ensure good sealing and achieve proper 
thickness of the materials, two stainless discs (spacers) followed by a steel 
spring, which formed –ve terminal, were fixed upon the Li metal disc. Finally, 
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the coin cell was closed with the lid and final sealing was done with automatic 
coin crimper machine. The assembled cells were then transferred outside the 
glove box and aged/equilibrated for 12 hrs prior to further electrochemical 
characterizations. 
2.11.3 Battery performance analysis 
 
The battery performance can be analysed either under constant current or 
constant potential conditions. These techniques are called galvanostatic and 
potentiostatic   cycling, respectively. 
2.11.3.1 Galvanostatic cycling 
This modus-operandi of galvnostatic cycling relies on voltage-composition 
relationship of an electrochemical cell, i.e., cell voltage varies as a function of 
the state of charge or discharge of the cathode versus Li metal anode. The 
charging and discharging of the cell takes place at a constant current and the 
resulting cell-voltage is plotted against either time or the state of 
charge/discharge. The relationship depends on the current rate (C-rate) at which 
charging or discharging is performed. The shape of the curve depends on the 
change of the potentials occurring at both electrodes, as the overall reaction is 
completed.  If the potential of one of the electrode remains constant, the 
variation of cell voltage is caused by overall compositional change occurring at 
the other electrode.  
To analyze the battery performance, a computer controlled multichannel battery 
testing instrument Arbin battery tester (model BT-2000, USA) was used for the 
charge and discharge capacity measurement for large number of charge-
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discharge cycles, of the coin cells assembled with the synthesized polymeric 
electrolyte membrane, at different C-rates and various temperatures. The result 
data were comprised of step time and cycle index as well as current, voltage, 
capacity and energy monitored during charge and discharge processes. Prior to 
start measurements, weight of the active material (to calculate capacity and 
energy), theoretical capacity of the active material (in gram) and a schedule file 
(detail of each step of measurement) were inserted in the Mits-Pro software, 
which controls the measurement and generates results. 
The specific charge/discharge capacities (in mAhg-1) can be calculated by 
dividing calculated charge/discharge capacities from the known weight of the 
active material. 
The theoretical capacity of the active cathode material is calculated by following 
formula with assumption that all the Li per formula unit of the material 
participate in the electrochemical reaction.  
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =  
𝐹×𝑛 ×1000
𝑀×3600
   , unit  mAhg-1 
where F= Faraday’s constant (96500 coloumbs per gram equivalent), n = 
number of Li participating per formula unit of the active material , M molecular 
weight of the active material. 
For example, the theoretical specific capacity of LiFePO4 is  
                                          
96500×1×1000
157.75 ×3600
= 169.99 ~ 170 mAhg-1 
A comparison between theoretical and found specific capacities provides an 
indication about the suitability of the compound for its application for LIB.
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3.1 Preface to Chapter 3  
 
In this chapter, synthesis and performance of two polystyrene based single ion 
polymeric electrolytes are discussed. Firstly, lithium poly (4-Styrene sulfonyl 
(phenylsulfonyl) imide) (PSSPSI) was synthesized through the Hinsberg 
reaction. Since the bis(sulfonyl) imide anion is immobilized in the polymer 
chain, the lithium cation transference number is found to be very close to unit. 
The weight average number molecular weight (Mw) was found to be 105,343 
determined by gel permeation chromatography (GPC). A gel polymer 
electrolyte membrane, comprising of PVDF and PSSPSI, has been successfully 
prepared with the ionic conductivity of 1.1×10-3 Scm-1 at room temperature. The 
membrane exhibits a wide electrochemical window and is stable up to 4.5V (vs. 
Li+/Li). It is also thermally and mechanically stable. A  Li-ion battery cell 
assembled with the membrane performs successfully. 
Secondly, a method to significantly enhance conductivity of lithium ions in a 
polymeric lithium salt membrane by introducing functionalized meso/macro-
pores to accommodate a mixture of organic solvents in the polymer matrix, is 
successfully demonstrated. The meso/macro-porous membrane is formed by a 
lithium poly[4-styrenesulfonyl(phenylsulfonyl)imide] polymer and serves as an 
electrolyte in lithium ion batteries. The substantially enhanced ionic 
conductivity of the membrane arises from the facile release of the lithium ions 
to the solvent and the extensive interconnectivity of the meso/macro-pores that 
provides a smooth passage for the solvated lithium ions to transport. The 
fabricated meso/macro-porous polymer membrane displays excellent high-
temperature sustainability and wide electrochemical stability, important for 
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battery safety and enhancement of device performance and longevity. The 
performance of the membrane is demonstrated in an assembled Li-ion battery 
cell. 
3.2 Lithium Poly[4-styrene sulfonyl (phenylsulfonyl) imide] 




Polystyrene powder, Mw 65,000 gmol-1 (Alfa- Aesar), chlorosulfonic acid 
(Fluka), thionyl chloride( Tee Hai), benzenesulfonamide ( Sigma-Aldrich), 
lithium hydroxide (Sigma-Aldrich), poly vinyl diflouride (PVDF) (Solef 6020), 
Mw 680,000 gmol-1 (Solvay), dichloroethane (DCE) (Alfa-Aesar), Brij L23 
(Alfa-Aesar), dichloromethane (DCM). methanol, tetrahyrofuran THF, 
dimethyl sulfoxide (DMSO) (QRec), di-ionized water (molar resistivity 10-18 
ohmcm-1).  
3.2.1.2 Synthesis  
3.2.1.2.1 Synthesis of poly(4-styrene sulfonyl chloride) (PSSC) 
0.2 gram of polystyrene powder (Mol.Wt. 65,000 Dalton) was dissolved in 1, 
2-dichloroethene (DCE) in argon environment with constant stirring at 40 oC 
and 10 ml concentrated chlorosulfonic acid was added by a constant pressure 
dropping funnel and stirring was continued for 16 hrs. 10 ml of chlorosulfonic 
acid was added further and stirring was continued for another 16 hrs. Thionyl 
chloride was added slowly by the same constant pressure dropping funnel 
during the period (Scheme 3.1). Upon completion, temperature was raised to 60 
oC and the reaction continued for the next 16 hrs. The poly (4-styrene sulfonyl 
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chloride) (PSSC) was washed by DCE, acetone and finally with methanol until 
the pH of the solution became 7. PSSC was dried in the oven at 80 oC. Impurities 
were removed by dissolving PSSC in DMSO followed by re-precipitation with 
tetrahydrofuran (THF) for three times. 1H NMR : (300MHz; DMSO-d6): δ ppm 
7.58-7.50 (m,4H , aromatic); 1.25(dd,2H); 1.82 (m,1H); 5.35-5.31 (d,1H); FTIR 
(ATRcm-1): υ=1636(CC), 1355(asSO2), 1176(sSO2), 1005(CS), 834( CH),{: 
stretching, : bending, α and β: in plane deformation,  and ψ: out of plane 
deformation, s: symmetrical, as: asymmetrical}.[103, 104] 
3.2.1.2.2 Synthesis of lithium poly[4-styrene sulfonyl (phenylsulfonyl) 
imide] (PSSPSI) 
3.25 gram benzylsulfonamide (BSA) and 0.9 gram of LiOH were dissolved in 
deionized water. 0.4 gram PSCC was added to the solution at a constant but 
slow rate at 70 oC for 4 hrs. Wash steps were repeated and the poly (4-styrene 
sulfonyl (phenylsulfonyl) imide) (PSSPSI) was dried overnight in an oven at 80 
oC. 1H NMR : (300MHz; DMSO-d6): δ ppm 7.63-7.48 (m,9H , aromatic); 1.29 
(dd,2H); 1.84 (m,1H); FTIR (ATRcm-1): υ =1646(CC), 1496(βCH+CC), 
1184(sSO2), 1009(CS), 837( CH), 777(SNS), 680(ψCCC).[105] 
3.2.1.3 Gel polymer electrolyte membrane preparation 
 
0.1g of PVDF, 0.2g of PSSPSI, 0.026g of Brij L23 and 6mL of NMP solvent 
and a magnetic stirrer were taken in a 25mL glass beaker and heated to obtain a 
transparent solution. Subsequently, the liquid was drop-casted into a glass 
culture dish (7cm diameter) and dried in an oven at 95 oC to vaporize the NMP 
solvent. The obtained film was further dried under vacuum at 70 oC for 24 hours 
and then transferred to the glove box where it was punched to get a circular 
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membrane. The membrane was subsequently placed in the EC/PC (1:1 volume 




Scheme 3.1 Synthesis of PSSPSI. 
 
3.2.2 Result and discussion 
3.2.2.1 Synthesis and characterization of lithium poly[4-styrene sulfonyl 
(phenylsulfonyl) imide] (PSSPSI) 
 
As depicted in Scheme 3.1, PSSPSI was synthesized in three steps. In the first 
step, sulfonation of polystyrene takes place, which forms two products: 
polystyrene sulfonyl chloride and polystyrene sulfonic acid. It is analogous to 
typical chlorosulfonation of benzene, which ends with two products 
benzenesufonyl chloride and benzene sulfonic acid. The latter can be converted 
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into the former upon reacting with an excess amount of thionyl chloride 
(SOCl2). The same approach was used in the second step to convert polystyrene 
sulfonic acid (B) into polystyrene sulfonyl chloride (A) to obtain the right 
precursor for the next step, which is the Hinsberg reaction for amine 
detection.[106] In the third step, which takes place in a basic medium of LiOH, 




Figure 3.7 SEM image of PSSPSI. 
 
The GPC measurement of PSSBSI in aqueous phase gives a number average 
mass (Mn) of 105,343 gmol−1 and a weight average mass (Mw) of about 
121,445 gmol−1 and poly dispersity index (PDI) of 1.53. Elemental Analysis: 
Calculated: C, 51.06; H, 3.67.; N, 4.25; S, 19.47; Li, 2.11 %. Found: C, 42.51; 
H, 4.95; N, 1.01; S, 21.15; Li, 1.49 %. The deviation from the calculated values 
may be attributed to the high molecular weight and the coiled structure of 
PSSPSI (SEM image in Fig. 3.1), which makes further modification of the 
sulfonated polystyrene difficult. The FTIR spectrum of PSSPSI is shown in Fig. 
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3.2. The sharp peak at 1184 cm-1 is attributed to the O-S-O asymmetric 
stretching, while the peak at 1009 cm-1 corresponds to the phenyl ring 
substituted with sulfonic group. The other characteristic peak, corresponding to 
the S-N-S bending, is at 777 cm-1.[105] The FTIR spectrum confirms the 
successful synthesis of PSSPSI. 
 
 
Figure 3.8 FTIR spectrum of PSSPSI. 
 
Figure 3.3 displays the thermal degradation of PSSPSI under N2 atmosphere. 
The degradation occurs in several steps with continuous weight losses starting 
from room temperature. Apart from the initial weight loss of ca.14% till 200 oC 
due to the loss of moisture and residual solvent, the two stage degradation is 
noticeable. The first one starts around 450 oC and extends to 500 oC. The second 
begins around 525 oC and continues till 900 oC, leaving residue of 30% weight. 
The result confirms the high thermal stability of PSSPSI at an elevated 
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temperature and suggests that the material could also be potentially useful for 




Figure 3.9 TGA and DTA thermograms of LiPA. (N2, 10 oCmin-1, RT to 
900 oC). 
 
The DSC study was performed using heat/cool/heat cycle with a heating and 
cooling rate of 10 oCmin-1. The DSC thermograms of a neat PSSPSI, neat PVDF 
and the polymer electrolyte membrane prepared by blending PVDF and 
PSSPSI, are shown in Fig. 3.4. The Tg of the PSSPSI was found to be 211 oC. 
The high glass transition temperature arises mainly from the bulky rigid 
benzene rings in the main chains. The DSC thermogram of a neat PVDF shows 
an endothermic peak at 171 oC, corresponds to its melting point. The DSC curve 
of the PSSBSI/PVDF film shows a 2nd order derivative curve around 215 oC, 
corresponding to the Tg of PSSPSI in the film, which increases slightly higher 
than that of the neat PSSPSI. This increment may be attributed to the interaction 
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between the fluorine atoms of PVDF and the lithium ions upon dissociation 
from anionic groups. In addition, a first order derivative curve is shown by the 
film near 140 oC, corresponding to the melting point of PVDF in the film, which 
decreases around 30 oC; the decrease in the enthalpy of the melting is also 
noticeable. This phenomenon may be observed due to the dissociation of lithium 
ions from anionic group, resulting in higher concentration of the solvated 
lithium ions, which reduces PVDF crystallinity. [44] 
 
 
Figure 3.10 DSC thermograms of neat PSSPSI, neat PVDF and 
PSSPSI/PVDF film (N2, 10 oCmin-1, -50 oC to 300 oC). 
 
3.2.2.2 Electrochemical Properties 
Based on the EIS test and data fitting (Fig 3.5), the ionic conductivity of the 
membrane was determined to be 1.1×10-3 Scm-1 at ambient temperature. This 
value is either higher or comparable to the ionic conductivity of most 
conventional polymer electrolytes as well as the single-ion gel polymer 
electrolytes reported to date. The high conductivity of the electrolyte mainly 
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arises from the strong electron withdrawing capability of the bisulfonyl imide 
groups near the active sites, the large molecular weight of PSSPSI (Mn~ 
105,343) and the solvation of the Li-ions upon infusion of the EC/PC solvent.  
The temperature-dependency of the ionic conductivity of the PSSPSI/PVDF 
membrane was further investigated. Figure 3.6 depicts the log value of the ionic 
conductivity of the membrane vs. the inverse of absolute temperature, which 
displays coherence with a typical Arrhenius curve in the testing temperature 
range from 80 oC to room temperature downwards. As expected, the measured 
conductivity increases with temperature. However, the increment in 
conductivity is neither completely linear nor as steep as in either small molecule 
electrolyte or ionic based gel polymer electrolytes. [107, 108] The deviation 
may be attributed to the mechanical coupling between ion transport and  
polymer host mobility at a given temperature according to the free volume 
law.[8, 109]  The highest measured conductivity at 80 oC for the membrane is 
5.6×10-3 Scm-1. 




Figure 3.11 The equivalent circuit and EIS response of PSSPSI/PVDF 
electrolyte membrane at different temperatures with the fitting curves. 
 
 
Figure 3.12 Arrhenius plots of log (ionic conductivity) versus inverse 
absolute temperature. 
 
The electrochemical stability of the PSSPSI/PVDF membrane was studied by 
measuring the linear sweep voltammetry using a Li/GPE/stainless steel cell 
shown in Fig. 3.7. In the potential range of 2.8 V to 4.5 V (vs Li/Li+), no 
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significant increase in the oxidation current is observed. The results clearly 




Figure 3.13 Linear Sweep Voltammetry of PSSPSI/PVDF membrane at 
room temperature, scan rate is 1mVsec-1. 
 
 
Figure 3.14 The discharge capacity vs. cycle index of the Li│ PSSPSI/ 
PVDF-HFP membrane (EC/PC)│ LiFePO4 battery coin cell obtained at 
room temperature and 80 oC for C/10 , C/5 and C/2 . 
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To demonstrate battery performance of the PSSPSI/PVDF-HFP membrane, we 
assembled a coin cell using LiFePO4 as the cathode and a lithium foil as the 
anode. The discharge capacity vs. cycle number of the cell is shown in Fig. 3.8. 
The discharge capacities of the cell, at room temperature ranged between 147 
to 149 mAhg-1 at C/10 and between 138 to 134 mAhg-1 at C/5. At 80 oC, the 
discharge capacities of the cell ranged between 163 to 155 mAhg-1 at C/10 and 
between 128 to 132 mAhg-1 at C/5. At 80 oC, the battery performed at C/2 rate 
also with capacity ranging between 115 and 109 mAhg-1. 
3.3 Functionalized Polystyrene Based Meso/Macro-Porous 





Styrene (Alfa-Aesar), divinylbenzene (Alfa-Aesar), tetraethoxysilane (Alfa-
Aesar 99%), polyvinylidene fluoride (PVDF) (Solef 6020), Mw  680,000    
gmol-1 (Solvay), benzoyl peroxide (BPO) (MerckSchuchardt), 
dimethylaminopyridine (DMAP) (Sigma-Aldrich), triethylamine (Fisher), 
sodium hydroxide (Chemcon 40%), chlorosulfonic acid (Fluka), thionyl 
chloride (Tee Hai), hydrofluoric acid (Fisher 60% ), benzenesulfonamide 
(Sigma-Aldrich), lithium hydroxide monohydrate (Sigma-Aldrich), 
dichloroethane (DCE) (Alfa-Aesar 99%), dichloromethane (DCM) (Fisher), 
ethanol (Fisher), acetonitrile (Tedia), lithium iron phosphate (Sigma-Aldrich), 
N-methyl-2-pyrrolidone (NMP) (VWR), di-ionized water (molar resistivity 18 
MΩ cm-1). All reagents were of analytical grade. Styrene and divinylbenzene 
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were washed with sodium hydroxide aqueous solution (5 wt %) to remove the 
inhibitor, and then distilled under a reduced pressure prior to polymerization.  
3.3.1.2 Synthesis 
3.3.1.2.1 Synthesis of silica nano-particles 
Mono-dispersed SiO2 nanoparticles with the mean diameter of 260 nm were 
prepared by hydrolysis of TEOS in an alcoholic medium in the presence of 
water and ammonia similar to the reported procedure by Stober et al.[38, 39] In 
the synthesis, a solution with a given amount of water, ethanol and ammonia 
was introduced into a three-neck round flask of 250 ml at room temperature, 
stirring at a mild rate. Then, tetraethoxysilane (TEOS) was introduced 
continuously in the medium at a precise rate. The reaction took place at room 
temperature under continuous stirring for over 12 hours. After the hydrolysis 
reaction was completed, the mixture contained about 2 wt% SiO2 particles and 
these particles were collected by centrifugation from the white suspension. The 
primary sample of silica spheres was obtained. In order to obtain good quality 
mono-dispersed spheres, the primary silica sphere sample was re-dispersed in 
ethanol using an ultrasonicator, and was recollected by centrifugation. The 
above washing process was repeated three times. The final product was 
dispersed in ethanol to obtain a 4 wt% SiO2 disperson. A thin layer of SiO2 
particles, packed in hexagonal cubic packing (hcp), was made between two 
glass plates by capillary action followed by evaporation of ethanol. Drying was 
done at room temperature, which took 2-3 days. 
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3.3.1.2.2 In-situ polymerization and etching 
The synthetic process is shown schematically in Scheme 3.2. After drying, the 
SiO2 pattern was transferred into a tube containing 1.70 ml of styrene, 0.30 ml 
of divinylbenzene (DVB) and 0.02 g of benzoyl peroxide (BPO) for one hour 
to facilitate the filling of the gap between the glass slides. Subsequently, the 
tube was transferred to an oven for 24 hours at 90 oC to ensure complete 
polymerization. The post-polymerized template, which contains a poly-
styrene/DVB membrane, was immersed in a HF solution for seven days to 
ensure clean etching of the SiO2 particles and glass plates.[40-42] The HF 
treated cross-linked porous membrane was washed by distilled water 
thoroughly and dried. 
 
 
Scheme 3.2 Schematic representation of the synthetic protocol of the 
functionalized meso/macro-porous polystyrene/DVB membrane. 
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3.3.1.2.3 Synthesis of lithium poly[4-styrenesulfonyl(phenylsulfonyl)imide] 
(PSSPSI) porous membrane  
The grafting of sulfonyl(phenylsulfonyl)imide group on the porous membrane 
was done in two steps. In the first step, chlorosulfonation of polystyrene/DVB 
membrane took place in the presence of chlorosulfonic acid and thionyl chloride 
(both in excess), in DCE medium at 40 oC for 2 hours. Washing was done by 
DCE followed by acetonitrile until the pH increased to 7. The membrane was 
dried for 6 hours at 80 oC. FTIR (ATR cm-1): υ = 1656(CC), 1383 (asSO2), 
1128 (sSO2).[43-45]{: stretching, α and β: in plane deformation 
s:symmetrical, as: asymmetrical }. Elemental analysis: calculated: C, 49.86; H, 
3.66; S, 14.97; Cl, 16.56 %, found: C, 47.88; H, 4.11; S, 14.76; Cl, 9.96 %. 
Degree of sulfonation: ca. 90%. Degree of chlorosulfonation: ca. 67%. 
 In the second step, imidification was done according to the procedure described 
in references 16 and 23. 6 ml of triethylamine, 3 g of benzenesulfonamide and 
2.12 g of DMAP were added into a flask containing 30 ml of acetonitrile 
solvent, and the solution was stirred for an hour under argon atmosphere to 
solubilize all ingredients. Then, the chlorosulfonated polystyrene/DVB 
membrane (0.5 g) was immersed in the solution for 16 hours at 60 oC. 
Subsequently, the membrane was washed with an excess of acetonitrile solvent 
till the pH increased to 7. This membrane was kept in a saturated aqueous 
solution of lithium hydroxide at 70 oC for 4 hours for lithiation. Washing was 
completed with distilled water until the pH was reduced to 7. The membrane 
was dried under vacuum at 80 oC for 24 hours prior to transferring to a glove 
box. FTIR (ATRcm-1): υ =1641(CC), 1413(βCH+CC), 1384 (asSO2), 1128 
(sSO2), 1027(CS), [23, 46, 47].CP-MAS 13C NMR δ ppm 148.82, 145.32, 141, 
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127.07, 41.24. Elemental analysis: calculated: Elemental Analysis: Calculated: 
C, 51.06; H, 3.67; N, 4.25; S, 19.47; Li, 2.11 %. Found: C, 39.77; H, 5.76; N, 
1.09; S, 12.03; Li, 1.92 %. Degree of imidification: ca. 38%.  
3.3.1.3 Formation of the electrolyte membrane  
 
0.039 g PVDF (vacuum dried at 40 oC for 24 hours) was transferred to a 5 ml 
glass beaker followed by addition of 0.15 ml EC/PC (volume ratio is 1:1). A 
magnetic stirrer was also placed in the beaker and the mixture was stirred at 60 
oC for several minutes. The resulting viscous solution was poured into another 
beaker where 0.040 g of the broken porous lithium poly[4-
styrenesulfonyl(phenylsulfonyl)imide] (P-PSSPSI) membrane pieces was 
placed. The resulting mixture was heated on a hot plate at 100 oC for a few 
minutes and then cooled down. Upon cooling, the formed membrane could be 
readily peeled off from the beaker. The entire experiment was performed inside 
a glove box under argon gas atmosphere. This PVDF binded P-PSSPSI (BP-
PSSPSI) membrane was further used for conductivity measurement and battery 
fabrication. 
3.3.2 Result and discussion 
3.3.2.1 Synthesis and characterization of the P-PSSPSI membrane 
 
As shown schematically in Scheme 1, styrene with divinylbenzene (DVB), 
which serves as a cross-linking agent, on a silica particle template were used as 
the precursors. Upon polymerization followed by etching of hexagonally 
packed (hcp) silica particles with a size ranging from 260 to 300 nm, a porous 
30 µm thick membrane with open and interconnected meso and macro pores 
was formed (Figs. 1a and 1b). The size of the macro pores is dictated by the 
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diameter of silica particles, while the meso pores are formed due to the etching 
of the contact surfaces of the silica particles in the hcp packing. Upon 
chlorosulfonation followed by imidfication of polystyrene/DVB membrane, the 
resultant P-PSSPSI membrane retains its macro pores as confirmed by the SEM 
image shown in Fig.3.9 c. Unfortunately, the inherent brittleness of the 
polystyrene-DVB copolymer and high porosity make this membrane prone to 
cracks and mechanically less robust. To overcome this difficulty, small pieces 
of the membrane were cemented with a solution of PVDF in EC/PC 1:1 (v/v). 
A crack-free, flexible membrane was obtained. The membrane also retains the 
feature of open and interconnected macro pores as shown in Fig. 3.9 d. 
The DFT pore size distribution curves calculated from N2 adsorption-desorption 
isotherms at 77 K for both the P-PSSPSI membrane and the BP-PSSPSI 
membrane are shown in Fig. 3.9 a and 3.9 b, respectively. The distribution 
curves show that both the P-PSSPSI and the BP-PSSPSI membranes possess a 
range of meso pores, in addition to macro pores. Figure 3.10 indicates that no 
significant change occurs in the porosity upon cementing the segments of the P-
PSSPSI membrane. 
The two-step chemical synthesis of the PSSPSI membrane was confirmed by 
FTIR, CP-MAS solid state 13C NMR and elemental analysis (EA) techniques. 
The sulfur and chlorine contents found by EA testing after the first step 
correspond to 90% sulfonation followed by 67 % chlorosulfonation of the 
polystyrene-DVB membrane. The nitrogen content detected after the second 
step confirms 38% imidification of the chlorosulfonated membrane. The 
relatively small degree of imidification indicates that the imidification was 
achieved only on the walls of the pores as expected.  




     
Figure 3.15 The SEM images of the polystyrene-DVB membrane: (a) 
before etching, (b) after etching, (c) after functionalization and (d) after 
functionalization and binding with PVDF. 
 
 
Figure 3.16 DFT pore size distribution calculated from N2 adsorption-
desorption isotherms at 77K for (a) the P-PSSPSI membrane, (b) the BP-
PSSPSI membrane. 
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The TGA thermograms of the P-PSSPSI membrane and the BP-PSSPSI 
membrane are shown in Fig. 3.11. For the P-PSSPSI membrane, a small 
reduction of 6% of the initial mass is observed due to the loss of solvent and 
moisture. The first stage thermal degradation begins at 420 oC and extends up 
to 480 oC (ca. 8% of weight loss), corresponding to the degradation of non-
functionalized polystyrene.[48] The second stage occurring in 500 -600 oC (ca 
55% of weight loss) correlates with the degradation of the functionalized 
polystyrene (cleavage of the C-S bonds).[23] The BP-PSSPSI membrane also 
shows the similar trend of degradation. However, the second stage degradation 
occurs in a relatively lower temperature range (430-530 oC) than the former, 
predominantly due to the loss of PVDF component of the membrane, which 
thermally degrades just above 400 oC.[49, 50] The result confirms the high 
thermal stability of both the P-PSSPSI and the BP-PSSPSI membranes at 
elevated temperatures and suggests that the material could also be potentially 
useful for high temperature applications of batteries. 
 
 
Figure 3.17 The TGA thermograms of the P-PSSPSI membrane and the 
BP-PSSPSI membrane (N2, 10 oC /min, RT to 1000 oC).  
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The DSC thermograms of the P-PSSPSI membrane, the neat PVDF and the BP-
PSSPSI membrane are shown in Fig. 3.12. The glass transition temperature (Tg) 
of the P-PSSPSI was found to be 160 oC. The high Tg arises mainly from the 
bulky rigid benzene rings in the main chains. The DSC thermogram of the neat 
PVDF shows an endothermic peak at 171 oC, corresponding to its melting point. 
As depicted in the DSC thermogram of the BP-PSSPSI membrane, no Tg was 
found, which may be attributed to the overlapping of the expected temperature 
range of Tg with the melting point temperature range of PVDF. In addition, the 
peak corresponding to the melting point of PVDF does not shift appreciably in 
the BP-PSSPSI, which indicates that except a small physical interaction, no 
strong adhesive force works between PVDF and P-PSSPSI, and PVDF serves 
only as a binder.  
 
Figure 3.18 The DSC thermograms of the P-PSSPSI membrane, the neat 
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3.3.2.2 Electrochemical properties 
 
To understand the influence of the porosity of the electrolyte membrane, another 
electrolyte membrane was prepared using the same precursors but without use 
of the silica template. The resultant product was a brittle dense membrane (D-
PSSPSI) and thus had to be cemented by the same method using the PVDF 
solution in EC/PC. The EIS responses of the cemented electrolyte membranes 
at room temperature with and without porosity in the Nyquist coordinates are 
shown in Fig. 3.13, where the equivalent circuit used for the fitting is also 
depicted. Here, R1, R2, CPE and W stand for the bulk resistance, the interfacial 
resistance, the constant phase element and the Warburg resistance, respectively. 
The PVDF binded D-PSSPSI (BD-PSSPSI) membrane shows a much higher 
impedance value (Z’) than the BP-PSSPSI membrane in the mid frequency 
range. The Z’ value in this frequency range predominantly corresponds to the 
interfacial resistance R2 and thus significantly affects battery performance. [51] 
 
 
Figure 3.19 The EIS plots of the BP-PSSPSI and the BD-PSSPSI 
membranes at room temperature. The inset is the corresponding 
equivalent circuit. 





Figure 3.20 The Arrhenius plot of log ionic conductivity vs. inverse of 
absolute temperature for the BP-PSSPSI and the BD-PSSPSI membranes. 
 
The ionic conductivity of the P-PSSPSI membrane was found to be 6.3 × 10-3     
Scm-1 in an organic solvent using EC/PC of 1:1 v/v at room temperature. The 
temperature-dependency of the ionic conductivity for the BP-PSSPSI and the 
BD-PSSPSI membranes is shown in Fig. 3.14. The plot of log value of the ionic 
conductivity of the BP-PSSPSI and the BD-PSSPSI membranes vs. the inverse 
of absolute temperature displays consistency with a typical Arrhenius curve 
within the test temperature range from room temperature to 90 oC. The room 
temperature conductivity of the BP-PSSPSI membrane was found to be 4.0 × 
10-3 S cm-1, only modestly smaller than the value of the P-PSSPSI. The ionic 
conductivity of the membrane is among the highest values of the single ion 
polymer electrolytes reported to date and close to the conductivity of liquid 
electrolytes.[52] The highest measured conductivity at 90 oC is 1.0×10-2 Scm-1.  
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As expected, the measured conductivity shows a monotonic increase with 
temperature; the conductivity increment is essentially linear but not as steep as 
in small molecular electrolyte or ionic based gel polymer electrolytes.[30, 53] 
The modest increment may be attributed to the mechanical coupling between 
ion transport and polymer host mobility at a given temperature according to the 
free volume theory of polymers.[23, 54] The remarkably high ionic conductivity 
is attributed to the high porosity of the membrane as well as to the high acidity 
of sulfonyl(phenylsulfonyl)imide group, which facilitates transport of Li ions in 
the solvent readily. For the BD-PSSPSI membrane, the room temperature 
conductivity was found to be 5.7 × 10-4 S cm-1, substantially smaller than the 
conductivity of the BP-PSSPSI membrane, which underscores the importance 
of porosity of battery electrolyte membranes for enhancement of ionic 
conductivity. 
To demonstrate the battery performance of the BP-PSSPSI membrane, we 
assembled several coin cells using LiFePO4 as the cathode and a lithium foil as 
the anode. Figure 3.15 displays the discharge capacity vs. the cycle number of 
the cell Li/BP-PSSPSI (EC/PC)/LiFePO4 at the discharge rate of 0.1 C and room 
temperature. The discharge capacity of the cell is around 125 mAh g-1 for all 
the 15 cycles tested and the battery performance remained to be very stable. Of 
course, to gain thorough understanding of the electrolyte membranes, more 
extensive testing of the battery performance at various temperatures and 
charging/discharging rates needs to be performed. Nevertheless, the preliminary 
performance testing corroborates the viability of the proposed concept and 
confirms the electrochemical stability of the synthesized electrolyte membrane. 





Figure 3.21 Cycle performance of the Li│ BP-PSSPSI membrane 
(EC/PC)│ LiFePO4 battery coin cell obtained at room temperature and 




The synthetic protocols for design of polystyrene-based single ion gel and 
porous polymer electrolytes have been discussed. For PSSPSI/PVDF gel 
electrolyte membrane, the ionic conductivity of the polymer electrolyte 
membrane is on the order of 10-3 Scm-1, comparable to the commercial liquid 
electrolytes [110, 111]. The cationic transference number to unity, an intrinsic 
property of single ion electrolytes, enables polarization potential to be 
minimized with significantly enhanced battery performance. The electrolyte 
membrane exhibits a wide electrochemical window. This allows many high 
energy density cathode materials, such as multicomponent olivine cathode, with 
a redox potential above 4 V, which have suffered from lacking of adequate 
electrolytes, to be utilized in Li-ion batteries. The thermal and mechanical 
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stability of the electrolyte membranes enables the material to be used in a wide 
temperature range and prevents dendrite formation, which substantially 
enhances the battery safety. The battery performance at room as well as elevated 
temperature signifies the potential of the electrolyte. 
 The BP-PSSPSI single ion porous polymer electrolyte possesses high porosity 
with open and interconnected pores of meso and macro sizes, enables selected 
functional groups to be placed on the walls of the pores. The 
sulfonyl(phenylsulfonyl)imide groups cling in the pores give rise to significant 
charge-delocalization in the framework. The large porosity of the material 
enables organic solvents conventionally used in Li-ion batteries to be 
accommodated, leading to high Li ion mobility with the ionic conductivity on 
the order of 10-3 Scm-1. The pore sizes are tunable and can be altered by using 
different silica particle synthesis methods. The mechanical problem associated 
with the brittleness of the material can be largely overcome by binding with a 
PVDF solution, which results in only slight reduction of conductivity as well as 
porosity. The cell performance testing confirms the electrochemical stability of 








Chapter 4  
Polyamide Based Single Ion 
Electrolyte
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4.1 Preface to Chapter 4  
In this chapter, design and synthesis of a bis(sulfonyl)imide incorporated, high 
molecular weight gel single ion polyamide polymer electrolyte (LiPA) are 
demonstrated. The LiPA was synthesized through a polycondensation reaction 
followed by exchange of H+ with Li+ ions. All the bis(sulfonyl)imide anions are 
immobilized in the polymer chains, which gives rise to a substantially higher 
lithium cation transference number of 0.88 than the corresponding values of 
conventional liquid-based electrolytes or dual-ion gel polymer electrolytes of 
inorganic salts and provides smooth channels for Li+ ion transport in the 
polymer matrix. A gel single-ion polymer electrolyte membrane, comprised of 
PVDF and LiPA, was successfully prepared with the ionic conductivity of 3.8 
×10-4 Scm-1 at room temperature, well suited for applications in lithium-ion 
batteries. Good battery performance of the membrane was found in an 





Polyvinylidene fluoride (PVDF) (Solef-6020), Mw 680,000 gmol-1 (Solvay), 
p-toluenesulfonamide (Sigma-Aldrich), p-toluenesulfonyl chloride (Sigma-
Aldrich), lithium hydroxide monohydrate (Sigma-Aldrich), dichloroethane 
(DCE) (Alfa-Aesar), dichloromethane (DCM) (Fisher), acetonitrile (Tedia), 
lithium iron phosphate (Sigma-Aldrich), N-methyl-2-pyrrolidone (NMP) 
(VWR), pyridine (Alfa-Aesar), triphenyl phosphate (TPP) (Alfa-Aesar), 
methanol (Fisher), hydrochloric acid 37%( RCI labscan), calcium chloride 
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(GCE), ethylene carbonate (EC) (Sigma-Aldrich), tetrahyrofuran (THF) (RCI 
labscan), propylene carbonate (PC) (Sigma-Aldrich), 2, 4-Diamino-
benzenesulfonic acid (Sigma-Aldrich), dimethyl sulfoxide (QREC), ultra-pure 
water (molar resistivity 18 MΩ cm-1). All chemicals were of analytical grade 
and thus used without further purification.  
4.2.2 Synthesis  
 
4.2.2.1 Synthesis of bis(4-carboxy phenyl sulfonyl)imide (precursor A) 
 
Bis(4-carboxy phenyl sulfonyl)imide (precursor A) was synthesized following 
the procedure described in References 1113 and 114.  Elemental analysis: For 
C14H11NO8S2, calculated: C, 43.64; H, 2.88.; N, 3.64; S, 16.64 %. Found: C, 
43.61; H, 2.91; N, 3.65; S, 16.68 %.1H NMR : (300MHz; DMSO-d6): δ ppm 
13.13 (s,2H); 7.56-7.53 (d,4H); 7.22-7.19 (d,4H); 13C NMR: (75MHz; DMSO-
d6): δ ppm 166.76; 149.82; 132.20; 129.14; 126.03 ,FTIR  data: {ATR(KBr) 
cm-1}: ν = 3122 (NH), 1695 (CO), 1452 and 1431 (βCH ring + CCring), 1383 (αNH), 
1363 (asSO2 ), 1294 (CC), 1192 (βCHring), 1171 (sSO2), 1082 (αCCC), 863  (SN), 
834  and 754 (CH), 723 (αCCC+CCOH), 683 (ψCCC), 616 (βO-C=O), 590 (αSO2), 567 
(OH), 544 (βSO2){ : stretching,: bending, α and β: in plane deformation,  and 
ψ: out of plane deformation, s: symmetrical, as: asymmetrical}[112, 113], ESI 
(-) m/z 384.2. 
4.2.2.2 Diamino-benzenesulfonic acid (precursor B) 
 
2, 4-Diamino-benzenesulfonic acid (precursor B) was bought and used as such. 
1H NMR: (300MHz; DMSO-d6): δ ppm 7.56-7.53 (3H, aromatic); 6.50 (s, 2H); 
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6.43 (s, 2H); FTIR data: {ATR (KBr) cm-1}: ν = 3386 (NH2), 3329 (NH2),3062 
(OH),1180 (sSO2), 1585 (C=O). 
4.2.2.3 Synthesis of lithiated polyamide polymer (LiPA) 
 
The synthetic route of LiPA is shown in Scheme 4.1.The LiPA complex was 
synthesized via condensation of precursor A and precursor B. 0.01 mole of both 
precursors (A and B), 1.12 g of CaCl2, 16.8 ml of N-Methyl-2-pyrrolidone 
(NMP), 11.2 ml of pyridine and 5.6 ml of triphenyl phosphate were weighed 
and transferred into a 100 mL two-neck flask fitted with a condenser inside the 
glove box under argon gas atmosphere. The polycondensation reaction was 
carried out under argon gas at 100 oC for 16 hours. The produced hot viscous 
liquid was transferred into cold methanol, which was already kept on an ice-
bath under stirring. This suspension was filtrated and the residue was dried in a 
vacuum oven at 60 oC. In order to remove the impurities, such as calcium 
chloride and pyridine, the product was dissolved in water and precipitated after 
adding a concentrated hydrochloric acid (37%). The precipitated solid was then 
vacuum dried. This step was repeated three times to remove the residue 
contaminants. The exchange of protons with lithium ions of the dried product 
was done in a lithium hydroxide (LiOH) water solution. Most of the water was 
removed via rotary evaporation, and then the concentrated solution was 
transferred into a beaker containing a large amount of isopropanol solvent drop-
by-drop to precipitate the product. The solid product was separated by 
centrifugation and then vacuum dried at 100 oC to obtain the final product 
(LiPA). Elemental Analysis: For C20H11N3O9S2Li4, calculated: C, 42.80; H, 
3.10.; N, 7.49; S, 17.14; Li, 4.95 %; found: C, 41.50; H, 3.63; N, 6.74; S, 15.06; 
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Li, 3.13 %. 1H NMR (300MHz; DMSO-d6): δ ppm 11.52 (s.1H), 10.60(s.1H), 
8.93 (s.2H), 8.20-7.50 (m,11H), 13C NMR: (75MHz; DMSO-d6): δ ppm 
166.40;149.66, 131.82; 128.97; 126.35; FTIR data: {ATR (KBr) cm-1}: ν=1660 
(CO), 1423 (βCHring +  CCring), 1279 (CC), 1153 (sSO2). 
4.2.3 Gel polymer preparation 
 
  0. 1 g of PVDF, 0.2 g of LiPA, a 5 ml NMP solvent and a magnetic stirrer were 
taken in a 25mL glass beaker heated at 60 oC to obtain a transparent solution. 
Subsequently, the liquid was drop-casted into a glass culture dish (7 cm 
diameter) and dried in an oven at 90 oC to vaporize the NMP solvent. The 
obtained film was further dried under vacuum at 80 oC for 24 hours and then 
transferred to a glove box where it was punched to get a circular membrane with 
a diameter of 1.35 cm. The membrane was subsequently placed in the EC/PC 
(1:1 volume ratio) solution for soaking. 
 
 
Scheme 4.3 Synthesis schematic of lithiated polyamide polymer (LiPA). 
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4.3 Results and Discussion 
 
4.3.1 Synthesis and characterization of lithiated polyamide (LiPA) 
electrolyte 
 
The structure of bis(4-carboxy phenyl sulfonyl)imide (precursor A) synthesized 
using the procedure described in References 113 and 1114 was confirmed  by  
the elemental analysis, NMR and FTIR data. [113-115]  
As depicted in Scheme 4.1, the LiPA polymer was synthesized through the 
condensation polymerization of bis(4-carboxyl benzene sulfonyl)imide and 2,4-
diamino-benzenesulfonic acid followed by proton exchange with Li+ ions. The 
GPC analysis in the aqueous phase depicts the number average molecular 
weight (Mn) of 30,000, weight average molecular weight (Mw) of 36,500, and 
poly dispersity index (PDI) of 1.22 based on the PEO standard. The 1H NMR 
signals at 13.13 ppm (in precursor A) and 6.43-6.50 ppm (in precursor B)  
corresponding to OH and NH2  groups, respectively, disappeared completely in 
Li-PA, confirming the successful occurrence of polycondensation reaction and 
eventually the synthesis of  LiPA. The FTIR spectra of the precursors A, B and 
LiPA are shown in Figure 4.1. Because of the existence of a large amount of 
highly exposed lithium ions in the polymer matrix, the LiPA polymer is highly 
sensitive to moisture. The broad peak in the proximity of 3200-3500 cm-1 is 
attributed to the absorption of water molecules during the FTIR measurement. 
Each of precursors A and B exhibits peaks at 3112 and 3077 cm-1, respectively, 
corresponding to the stretching frequencies of the O-H bonds. The two peaks at 
3382 and 3320 cm-1 for precursor B correspond to the N-H bond stretch of the 
two amino groups at the ortho and para positions.  The O-H is vanished, while 
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the N-H peak corresponding to amide group (3600-3800 cm-1) may be 
overlapped with the broad peak of moisture in the spectrum of the LiPA, largely 
attributed to the polycondensation reaction. In addition, the peaks around 1660 
and 1159 cm-1 correspond to the C=O and sSO2, respectively. [105] The 
elemental analysis results also support the synthesis of LiPA polymer (presented 
in experimental section).The deviation in the calculated and found values of Li 




Figure 4.22 The FTIR spectra of precursor A {bis(4-carboxy phenyl 
sulfonyl)imide}, precursor B {2,4-diamino-benzenesulfonic acid } and 
LiPA. 
 
Figure 4.2 depicts the thermal degradation of the LiPA polymer. The 
degradation undergoes essentially three stages starting approximately from 280 
oC (ca. 7% loss), falling more rapidly after 380 oC (ca 28% loss) and ultimately 
diminishing after 700 oC with ca 37% of char. The results confirm the high 
thermal stability of the LiPA compound at an elevated temperature and suggest 
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that the material could also be potentially useful for high temperature 
applications of batteries.  
 
 
Figure 4.23 The TGA and dTG thermograms of LiPA. (N2, 10 oC min-1, RT 
to 900 oC). 
 
 
Figure 4.24 The DSC thermograms of neat LiPA, neat PVDF and LiPA–
PVDF membrane (N2, 10 oCmin-1, second heating). 
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The DSC thermograms of a neat LiPA, neat PVDF and the polymer electrolyte 
membrane prepared by blending PVDF and LiPA, are shown in Fig. 4.3. The 
glass transition temperature (Tg) of LiPA was found to be 228 oC. The high Tg 
arises mainly from the bulky rigid benzene rings in the main chains. Although 
a typical polyamide usually displays semi-crystalline characteristics, the LiPA 
polymer salt exhibits neither crystallinity nor melting peak and hence appears 
to be amorphous in the temperature range from 0 oC to 300 oC. The DSC curve 
of the LiPA -PVDF membrane shows a Tg around 216 oC, lower than that of the 
neat LiPA complex, which is likely attributed to the disentanglement of the 
polymer chains caused by PVDF polymer chains during blending and the 
membrane formation. The enthalpy of melting (ΔHm) of PVDF (Solef 6020) 
was reported to be 47-52 Jg-1.[116] of the membrane corresponding to the 
melting of PVDF was found to be 39 Jg-1. It shows a reduction of ca. 30 % in 
the degree of crystallinity of PVDF, well supported by the decrement in the 
melting point from 170 to 165 oC. This deviation may arise from a random 
distribution of LiPA into the PVDF matrix, leading to the reduction of 
crystallinity of PVDF.[117] 
 
The SEM images of LiPA and LiPA-PVDF polymer electrolyte membrane are 
shown in Figs. 4.4(a) and 4(b), respectively. The LiPA molecules form grape-
like aggregates promoted by the intermolecular hydrogen bonding and the 
dipole-dipole interaction between the polar segments of the polymer chains. The 
SEM image of the membrane clearly displays pores and channels, which 
facilitate Li–ion shuttling between electrodes.[118-121] 
 





Figure 4.25 SEM images: a) LiPA polymer electrolyte, b) LiPA-PVDF 
membrane. 
 
4.3.2 Electrochemical Properties 
 
The EIS response of the LiPA-PVDF membrane (soaked in EC/PC solution) at 
room temperature in the Nyquist coordinates is shown in Fig. 4.5, The weight 
of membrane is increased by 62.5% upon soaking in an EC/PC solution for 24 
hrs. Based on the EIS test, the ionic conductivity of the membrane was 
determined to be 3.8×10-4 Scm-1 at room temperature, which is among the 
highest values of single ion gel polymeric electrolytes reported to date.[10, 122-
125] The high conductivity of the electrolyte chiefly arises from the strong 
electron withdrawing capability of the bisulfonyl imide groups near the active 
sites, the high density of ions and the infusion of the EC/PC solvent in the 
polymer matrix. The highly dispersible anionic charge in the polymer network 
enables the lithium ions to be more exposed to the solvent molecules with higher 
mobility. The high ion density in the polymer matrix provides a smooth passage 
for the Li-ion transport. Finally, the infusion of the organic solvent in the 
polymer matrix stabilizes the Li-ions, making the charge separation of ion pairs 
more facile. 






Figure 4.26 The EIS plot of the LiPA-PVDF electrolyte membrane at room 
temperature. The inset is the corresponding equivalent circuit. 
 
The temperature-dependency of the ionic conductivity of the LiPA complex was 
further investigated. Figure 4.6 depicts the log value of the ionic conductivity 
of the membrane vs. the inverse of absolute temperature, displaying coherence 
with a typical Arrhenius curve in the testing temperature range from 80 oC to 
room temperature downwards. As expected, the measured conductivity 
increases linearly with temperature but not as sharp as in small molecular 
electrolytes or ionic based gel polymer electrolytes.[107, 126] The modest 
increment may be attributed to the mechanical coupling between ion transport 
and polymer host mobility at a given temperature according to the free volume 
law.[109] The highest measured conductivity at 80 oC for the membrane is 2.2 
×10-3 Scm-1.  
 




Figure 4.27 The Arrhenius plot of log (ionic conductivity) versus inverse 
absolute temperature. 
 
The lithium-ion transference number (tLi+) was measured using Li/LiPA-PVDF 
memrbane/Li coin cells, where the LiPA–PVDF membrane swollen in the 
EC/PC solution was mounted between two non-blocking lithium metal 
electrodes.[98, 100] The tLi+ value was measured based on the combination of 
complex impedance and potentiostatic polarization methods proposed by Evans 
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where ΔV is the DC potential applied across the cell; Is and Io are the steady-
state and the initial current determined by the DC polarization, respectively. Ro 
and Rs are the EIS measured bulk resistances before and after the DC 
polarization (Table 4.1). The tLi+ value was calculated to be 0.88 at room 
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temperature, suggesting that the polymer electrolyte exhibits typical single-ion 
behaviour as expected.  
 
Table 4.5 List of variables and their values for calculation of lithium ion 
transference numbers (tLi+) 
 
 
To demonstrate the battery performance of the LiPA-PVDF membrane, we 
assembled several coin cells using LiFePO4 as the cathode and a lithium foil as 
the anode. Figures 4.7(a) and 4.7(b) display the voltage profiles and discharge 
capacity vs. cycle performance, respectively, of the cell Li/LiPA-PVDF 
(EC/PC)/LiFePO4 at the charge/discharge rate of 0.1 C at room temperature 
followed by the charge/discharge rate of 0.2 C at 60 oC. Figure 7(a) shows that 
the first charge/discharge profiles are quite stable at room temperature for 0.1C 
at and also at 60 oC for 0.2C. Figure 7(b) indicates that the battery displays 
performance at room temperature with some fluctuation in the discharge 
capacity during charge/discharge cycles, similar to the previously reported 
work, may be attributed to[124] low ionic conductivity and high interfacial 
resistance, at room temperature. The results indicate that both ionic conductivity 
and interfacial contacts need to be further enhanced. Indeed, at the elevated 
temperature of 60 oC, the battery shows a stable performance with the discharge 
capacity close to the theoretical value at 0.2 C. The higher temperature 





0.01 2.06 1.60 22 38.1 0.88 
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mobilizes the lithium ions in the electrolyte membrane and facilitates interfacial 




Figure 4.28 The battery performance of the Li/LiPA-PVDF membrane 
(EC/PC)/ LiFePO4, at the discharge rate of 0.1 C at room temperature and 




A novel synthetic procedure for design and synthesis of a single ion polymer 
electrolyte based on the hierarchy of polyamide condensation for applications 
in Li-ion batteries, has been discussed. The method can be used to develop a 
new class of polyamide-based electrolyte membranes for Li-ion batteries with 
a variety of choices of precursors. The polyamide based electrolyte was blended 
with PVDF to fabricate a thin, mechanically flexible membrane, which exhibits 
high thermal stability up to 280 oC. The high cationic transference number of 
0.88 of the membrane significantly reduces the polarization potential of the 
battery. The battery performance test confirms the electrochemical stability of 
the electrolyte membrane and supports its suitability for applications in Li-ion 
batteries, particularly, at elevated temperatures. A battery cell was assembled 
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using the membrane as the electrolyte, LiFePO4 as the cathode and a lithium 
foil as the anode. Subsequently, systematic performance tests of the battery cells 
were conducted. 
The battery equipped with the polyamide-based membrane displays excellent 
performance at 60 oC with a discharge capacity close to the theoretical value, 
indicating that the electrolyte membrane is well suited for high temperature 
applications. However, the performance at room temperature was mediocre, 
which is attributed to the lower ionic conductivity of the electrolyte than the 
liquid electrolytes and the moderate electrolyte-electrode interfacial resistance. 
The ionic conductivity of electrolyte membranes can be enhanced through 
increasing lithium content, reducing membrane thickness and creating porosity 
with an appropriate pore size It is therefore important to gain control on the pore 
size of electrolyte membranes, which can be realized using templating or phase 
inversion methods.[127] The electrolyte-electrode interfacial resistance can be 
improved by optimizing the electrodes with appropriate boundaries with the 
electrolyte. With further improvements of the membrane microstructure with 
appropriate porosity and interfacial contacts with the electrodes, it is envisaged 
that the LiPA electrolyte membrane could potentially be used for fabrication of 





Chapter 5  
Porous Organic Frameworks 
Based Single Ion Electrolytes




5.1 Preface to Chapter 5 
 
In this chapter, a novel concept of using porous organic frameworks as a single 
ion conducting electrolyte for lithium ion batteries is introduced. The lithium 
functionalized melamine-terepthalaldhyde framework (MTF-Li) and 
phloroglucinol-terepthalaldhyde framework (PTF-Li),  three dimensional 
porous organo-lithium complexes, in the medium of organic solvents, exhibit 
ionic conductivity comparable to gel polymer electrolyte and performed 
successfully in the assembled battery coin cells.  The rigid three dimensional 
frameworks, function as an anionic part of the electrolyte, reduce anionic 
transference number almost to zero; consequently, cationic transference number 
increases and approaches to unity. In addition, by virtue of its synthesis 
procedure, the electrolytes display excellent sustainability at high temperatures, 
which is vital for battery safety as well as for enhancing the performance and 
longevity of the battery. 
5.2 Melamine-Terepthalaldhyde-Lithium Complex (MTF-Li) 




Melamine (Sigma-Aldrich), terephthalaldhyde (Sigma-Aldrich), lithium 
hydride (Sigma–Aldrich), poly(vinylidene fluoride-co-hexafluoropropylene)  
(PVDF-HFP) (Mw- 400,000 gmol-1) (Sigma–Aldrich), Acetonitrile (Tedia), 
dimethyl sulfoxide (QREC), tetrahyrofuran (THF) (RCI labscan), 
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dichloromethane (QREC).  All chemicals were of analytical grade and thus used 
without further purification.   
5.2.1.2 Synthesis of melamine-terephthalaldhyde-lithium complex (MTF-
Li) 
 
MTF-Li was synthesized in a two-step process, as depicted in Scheme 5.1. In 
the first step, as reported in the published work,[128] a flame-dried three neck 
flask fitted with a condenser and a magnetic stirring bar was charged with 
melamine (313 mg, 2.485 mmol), terephthalaldehyde (500 mg, 3.728) and 
dimethylsulfoxide  (15.5 ml) solvent and subsequently heated at 180 oC for 96 
hrs under argon gas atmosphere. Upon cooling to room temperature, the 
precipitate was filtered and washed with an excess of anhydrous acetone, 
anhydrous tetrahydrofuran, and anhydrous dichloromethane. The solvents were 
removed under a reduced pressure by using a rotary evaporator. Final drying 
was done at 190 oC under vacuum in a tube furnace to produce a pale yellow 
powder with a yield of 64 %. Elemental analysis: For C33H21N18, calculated: C, 
59.19; H, 3.16.; N, 37.65 %; Found: C, 45.77; H, 5.40; N, 43.19; S, 2.40 %.  
 
Scheme 5.4 Synthesis of MTF-Li complex. 
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5.2.1.3 MTF-Li/PVDF-HFP membrane preparation 
 
MTF- Li and PVDF-HFP were mixed in different ratios, i.e., 1:1, 2:1 1:2, in 6 
ml of DMF solvent at 60 oC for 12 hrs in a 25 ml glass beaker fitted with a 
magnetic stirrer. The PVDF-HFP portion was dissolved easily but MTF-Li 
remained only in a dispersed form. Subsequently, the mixture was drop-casted 
into a teflon petri dish (6 cm diameter) and dried in an oven at 100 oC to vaporize 
the DMF solvent. The obtained film was further dried under vacuum at 100 oC 
for 24 hours to remove a trace amount of DMF, and then transferred to a glove 
box where it was punched to obtain a circular membrane with a diameter of 1.5 
cm. The membrane was subsequently placed in the EC/PC (1:1 volume ratio) 
solution for soaking prior to use for further characterizations and performance 
tests in a battery cell. 
5.2.2 Result and discussion 
5.2.2.1 Synthesis and characterization  
 
The melamine-terepthalaldhyde complex (MTF) was synthesized as reported 
earlier. [128-131] Although the elemental analysis results differ from the 
expected theoretical values, but resemble with the reported values in the source 
papers, which indicates the successful synthesis of MTF. The lithium modified 
complex (MTF-Li), where Li substitutes hydrogen atom, shows coherence with 
elemental analysis of MTF complex and confirms successful lithium 
modification. The found value of lithium is significantly inferior to the 
expected, indicating that the H atoms bonded to the N atoms in the MTF 
complex could not be fully reacted with LiH.  
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Successful synthesis of the three-dimensional network compounds MTF and 
MTF-Li was confirmed by FTIR spectroscopy. Figure 5.1 displays the FTIR 
spectra of melamine, terephthalaldhyde, MTF and MTF-Li. The absorption 
bands at 3470 and 3420 cm-1 (NH2 stretching) as well as at 1650 cm-1 (NH2 
deformation) correspond to the primary amine groups of  melamine, and the 
peaks at 2870 (C-H stretching of CHO) and 1690 cm-1 (C=O stretching) of  
terephthalaldehyde are absent in the MTF and MTF-Li spectra. The presence of 
the bands corresponding to quadrant (1554 cm-1 in MTF and 1560 cm-1 in MTF-
Li ) and semicircle stretching (1478 cm-1 in both MTF and MTF-Li) of the 
triazine rings confirms successful incorporation of melamine into the three-
dimensional network. In addition, no vibration signals corresponding to any 
imine linkage (C=N) were found in the proximity of 1600 cm-1 in both MTF 
and MTF-Li.[128, 130] The broad peak around 3400 cm-1 corresponds to the 
absorbed moisture in both MTF and MTF-Li. 
 
Figure 5.29 The FTIR spectra of melamine, terephthalaldhyde, MTF and 
MTF-Li complex. 
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The TGA thermograms of melamine, terephthalaldehyde and the synthesized 
MTF-Li are shown in Fig. 5.2.  The MTF-Li shows a sharp weight loss after 
400 oC, which is substantially higher than the degradation temperature of 
terephthalaldehyde (160 oC) and melamine (340 oC). The higher thermal 
stability of the MTF-Li further confirms the success of the poly-condensation 
reaction and the subsequent lithiation. The MTF-Li shows an initial 10 % weight 
loss before 300 oC, which is attributed to the absorbed moisture or trapped 
solvents in the pores of the MTF-Li complex. The major weight loss at 400 oC 




Figure 5.30 The TGA thermograms of melamine, terephthalaldhyde, 
MTF and MTF-Li complex (N2, 10 oC min-1, RT to 900 oC). 
 
The specific surface area and pore size distribution (PSD) of the MTF and MTF-
Li complexes were measured by nitrogen adsorption-desorption isotherms at 
77K and 1 bar (Fig. 5.3). Both MTF and MTF-Li adsorption isotherms show a 
modest gas uptake at relatively low pressures and increase slowly in the middle 
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region (Fig. 5.3a). This behavior confirms the meso porous nature of the 
synthesized MTF and MTF-Li materials.[130] The Brunauer-Emmet-Teller 
(BET) surface area and the Langmuir surface area of MTF were found to be 254 
and 398 m2g-1, respectively. Upon lithiation to form MTF-Li, the measured BET 
and Langmuir surface areas are only reduced modestly to become 232 and 373 
m2g-1, respectively. The DFT pore size distribution curve shows a wide range 
of nano-pores for both MTF and MTF-Li. In MTF, the majority of the nano-
pores are in the 20-40 nm range, while in MTF-Li, the size of the nano–pores is 
reduced to the range of 15-20 nm, reflecting the slightly larger size of lithium 
as compared to hydrogen (Fig. 5.3b). 
 
 
Figure 5.31 (a) Nitrogen adsorption-desorption isotherms at 77K and 1 bar, 
and (b) pore size distribution calculated from the nitrogen adsorption-
desorption isotherms at 77K by the DFT pore size analysis method. 
 
The porous structure of MTF-Li was further investigated by scanning electron 
microscopy (SEM). The SEM image of MTF-Li (Fig. 5.4a) reveals that a series 
of agglomerates are interconnected to each other to form a continuous meso-
porous network. These loosely packed amorphous structures are useful to 
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facilitate transport of Li+ ions along with solvent molecules in electrolyte 
membranes. 
Since the MTF-Li complex cannot be used to form a free standing membrane 
by itself due to its rigid three dimensional structure, it was blended with PVDF-
HFP in various ratios to form single ion conducting electrolyte membranes. The 
membrane formed with 2:1 ratio of PVDF-HFP and MTF-Li was found most 
appropriate with a reasonable mechanical strength and flexibility for battery 
fabrication. Subsequently the membrane was used for characterizations and 




Figure 5.32 SEM images (a) MTF-Li, (b) PVDF-HFP/MTF-Li membrane. 
 
The SEM image of the PVDF-HFP/MTF-Li membrane is shown in Fig.5.4b. 
The dispersed MTF-Li complex retains its porous structure in the PVDF-HFP 
matrix. Unlike other SIPE membranes, in which both a polymer electrolyte and 
a polymeric binder are dissolved in a solvent to produce a smooth and 
homogenous membrane upon solution casting, it is difficult to fabricate a 
smooth and homogenous membrane with the MTF-Li complex due to poor 
solubility of MTF-Li in common organic solvents. As a result, tiny particles of 
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MTF-Li are readily visible on surfaces of the membrane. The poor uniformity 
of the membrane is expected to give rise to inferior interfacial resistance and 
thus negatively affect the battery performance. 
5.2.2.2 Electrochemical properties 
 
The EIS response of the PVDF-HFP/MTF-Li (soaked in an EC/PC solution) at 
various temperatures in the Nyquist coordinates is shown in Fig.5.5, where the 
equivalent circuit used for the fitting is also depicted. Here, R1, R2, CPE and 
W stand for the bulk resistance, the interface resistance, the constant phase 
element and the Warburg resistance, respectively. The weight of membrane was 
increased by 90% upon soaking in an EC/PC solution for 24 hrs. 
 
 
Figure 5.33 The EIS plot of the PVDF-HFP/MTF-Li membrane at various 
temperatures. The inset is the corresponding equivalent circuit. 
 
Based on the EIS test, the ionic conductivity of the membrane was calculated to 
be 6 ×10-4 Scm-1 at room temperature, which falls into the range of conductivity 
displayed by most single ion gel polymeric electrolytes reported to date.[10, 
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122-125] The high ionic conductivity of the membrane may come as a surprise 
in view of the significant structural difference between MTF-Li and other 
reported SIPE materials. In these SIPE compounds, the anions are usually 
anchored in polymer chains with electron-withdrawing groups covalently 
bonded to the anionic sites to facilitate charge delocalization and thus to enable 
high Li ion mobility.  In the MTF-Li complex, however, the anions are attached 
to the secondary amino sites and it is more difficult for the negative charges to 
be delocalized to the neighbouring aromatic rings, which in principle should 
lead to lower Li ion mobility. Therefore, the measured high Li ion conductivity 
can only be attributed to the high porosity of the MTF-Li complex, which 
provides smooth channels for Li ion transport mediated by the chosen organic 
solvent. 
The temperature-dependency of the ionic conductivity of the PVDF-HFP/MTF-
Li membrane was further investigated. Figure 5.6 depicts the log value of the 
ionic conductivity of the membrane vs. the inverse of absolute temperature, 
which displays coherence with a typical Arrhenius curve in the testing 
temperature range from 80 oC to room temperature downwards. As expected, 
the measured conductivity increases linearly with temperature but not as steep 
as in small molecular electrolytes or dual-ion based gel polymer 
electrolytes.[107, 126] The modest rise may be attributed to the mechanical 
coupling between ion transport and polymer host mobility at a given 
temperature according to the free volume law.[109] The highest measured 
conductivity at 80 oC for the membrane is 1.3 ×10-3 Scm-1.  
 




Figure 5.34 The Arrhenius plot of log (ionic conductivity) versus inverse 
absolute temperature. 
 
The lithium-ion transference number (tLi+) was measured using the Li│PVDF-
HFP/MTF-Li membrane│Li assembly, where the PVDF-HFP/MTF-Li 
membrane swollen in an EC/PC solution beforehand was sandwiched between 
two non-blocking lithium metal electrodes.[98, 100] The tLi+ value was 
measured based on the combination of complex impedance and potentiostatic 
polarization methods proposed by Evans et al.,[101] and was then calculated 
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where ΔV is the DC potential applied across the cell; Is and Io are the steady-
state and the initial current determined by the DC polarization, respectively. Ro 
and Rs are the EIS measured bulk resistances before and after the DC 
polarization (Table 5.1). The tLi+ value was calculated to be 0.88 at room 
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temperature, suggesting that the MTF-Li exhibits single-ion conducting 
behavior as expected.  
 
Table 5.6 List of variables and their values for calculation of lithium ion 




Figure 5.35 Cyclic Voltammetry of MTF-Li/PVDF-HFP membrane at 
room temperature and 80 oC, scan rate is 1mVsec-1. 
 
The electrochemical stability of PVDF-HFP/MTF-Li membrane was analyzed 
by cyclic voltammetry using the Li│PVDF-HFP/MTF-Li membrane│stainless-
steel cell. The results are shown in Fig. 5.7. The measurements were performed 
at both 25 oC and 80 oC between the open circuit voltage (OCV) of the 
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assembled device and 5V (versus Li+/Li) at a scan rate of 1 mVs-1. The 
electrolyte membrane exhibits electrochemical stability at least above 5.0 V at 
room temperature, which confirms its suitability for commercially available 
cathode materials 
To demonstrate battery performance of the PVDF-HFP/MTF-Li membrane, we 
assembled a coin cell using LiFePO4 as the cathode and a lithium foil as the 
anode. Figure 5.8 displays a characteristic evolution of the battery voltage of 
the cell Li│PVDF-HFP/MTF-Li membrane (EC/PC)│LiFePO4 as a function of 
its discharge capacity, at 80 oC.  The discharge curve exhibit the typical three 
step plateau profile of the LiFePO4 cathode material with an initial discharge 
capacity of 157 mAhg-1 for C/10 and C/5 rates.[44, 124, 132] The initial 
coulombic efficiency was found to be 98%. The discharge capacity vs. cycle 
number of the cell is shown in Fig. 5.9. The discharge capacities of the cell, at 
both C/10 and C/5 rates remain almost the same with a slight fluctuation. 
Nevertheless, the battery fails to be operative at room temperature despite the 
sufficient high ionic conductivity of the membrane (~10-4). It is likely that the 
unevenness of the membrane surface and the rigidity of the MTF-Li complex 
are responsible for the high interfacial resistance at room temperature.  
 




Figure 5.36 The discharge profiles of Li│PVDF-HFP/MTF-Li membrane 
(EC/PC)│ LiFePO4 battery coin cell obtained at 80 oC for C/10 and C/5 
rates. 
 
Figure 5.37 The discharge capacity vs. cycle index of the Li│PVDF-HFP/ 
MTF-Li membrane (EC/PC)│ LiFePO4 battery coin cell obtained at 80 oC 
for C/10 and C/5 rates. 
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5.3 Phloroglucinol-Terepthalaldhyde-Lithium Complex (PTF-
Li) Based Single Ion Conducting Electrolyte 
 
5.3.1 Experimental  
5.3.1.1 Materials 
 
Phloroglucinol (Sigma-Aldrich), terephthalaldhyde (Sigma-Aldrich), lithium 
hydride (Sigma–Aldrich), poly(vinylidene fluoride-co-hexafluoropropylene)  
(PVDF-HFP) (Mw- 400,000 gmol-1) (Sigma–Aldrich), Acetonitrile (Tedia), 
dioxane (QREC), tetrahyrofuran (THF) (RCI labscan), dichloromethane 
(QREC).  All chemicals were of analytical grade and thus used without further 
purification.   
5.3.1.2 Synthesis of phloroglucinol -terephthalaldhyde-lithium complex 
(MTF-Li) 
 
PTF-Li was synthesized in a two-step reaction, as shown in Scheme 5.3. Firstly, 
1 gram (8 mmol) of phloroglucinol and 15 ml of dry THF were transferred in a 
flame-dried three neck flask fitted with a dry ice-acetone Dewar and a magnetic 
stirring bar was charged with phloroglucinol. The set up was kept under stirring 
in argon gas atmosphere for 30 min to stabilize inside temperature. 
Subsequently, 15 ml (0.008 mol) of butyllithium (1.6 M solution in hexane) 
reagent was injected drop wise to the flask using a syringe. After string the 
reaction mixture at -78 oC for 12 hrs, the hexane was removed under reduced 
vacuum to produce an off white color powder of Li-modified-phloroglucinol. 
In the second step, Li-modified-phloroglucinol, terephthalaldehyde (1.61g, 12 
mmol) and 15 ml 1, 4 dioxane were charged into a Teflon lined autoclave in a 
glove box and stirred for two hrs at 60 oC. The autoclave was placed in an oven 
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at 200 oC for 4 days. After cooling at room temperature, a brown colour solid 
was obtained and washed with excess of THF, 1,4 dioxane, hexane, methanol 
and dichloromethane , respectively, at just below the boiling point of the 
respective solvents. The solid was dried in tube furnace at 180 oC for 24 hrs to 
produce a yield of 65%. 13 C CP-MAS (ppm) : 31.0 ; 35.2 ; 51.3 ; 108.3 ; 129.0 
; 167.9 ;171.9 ; 228.5 . Elemental analysis: For C15H6O8Li8, calculated: C, 
48.73; H, 1.64 ; Li, 15.02 %; Found: C, 48.88; H, 4.04 ; Li, 4.83 %. 
 
 
Scheme 5.5 Synthesis of PTF-Li complex 
 
5.3.2 Result and discussion  
5.3.2.1 Synthesis and characterization  
 
The synthesis process of PTF-Li is analogous to the Bakelite synthesis; Bakelite 
is a thermosetting phenol formaldehyde resin. The lithiated phloroglucinol 
molecule undergoes readily for electrophilic substitution because of its electron 
donating resonance effect.[133] Each of carbonyl groups of terephthalaldehyde 
combine with two phenyl rings of lithiated phloroglucinol with elimination of a 
water molecule. Therefore, one molecule of terephthalaldehyde can combine 
with four lithiated phloroglucinol with the help of its two carbonyl groups 
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whereas at the same time, a lithiated phloroglucinol can combine with three 
different terephthalaldehyde molecules. The condensation polymerization 
reaction occurs at 200 oC in presence of dioxane solvent which provides a basic 
medium to the reaction. 
The successful synthesis of the PTF-Li is confirmed by solid state magic angle 
spinning NMR spectroscopy (13C CP-MAS) and very well supported by FTIR 
spectroscopy elemental analysis and thermogravimetric analysis (TGA). For the 
13C CP-MAS spectrum, the peak at 35 ppm corresponds to tertiary carbon 
formed to condensation reaction. The very intense peak at 128 ppm is assigned 
to aromatic carbons while peaks at 168 and 172 ppm are attributed to lithiated 
phenoxy carbon and phenoxy carbon, respectively.[133] In addition, the 
absence of any sharp peak near 195 ppm corresponding to aldehydic carbon of 
terephthalaldheyde confirms further the occurrence of condensation 
reaction.[134] 
 Figure 5.10 displays the FTIR spectra of terephthalaldhyde, phloroglucinol and 
PTF-Li. The absorption bands at 1188 and 1008 cm-1 of melamine, and the 
peaks at 2870 (C-H stretching of CHO) and 1690 cm-1 (C=O stretching) of 
terephthalaldehyde are absent in the PTF-Li spectra, confirming the 
condensation reaction. The broad peak around 3400 cm-1 corresponds to the 
absorbed moisture. Finally, the elemental analysis validates the successful 
synthesis of PTF-Li. The deviation for found value of Li content from the 
expected value may be attributed to vigorous washing which induces exchange 
of Li ion with hydrogen atoms. 
 








Figure 5.39 The TGA thermograms of terephthalaldhyde, phloroglucinol 
and PTF-Li complex (N2, 10 oC min-1, RT to 900 oC). 
 
The TGA thermograms of terephthalaldhyde, phloroglucinol and the 
synthesized PTF-Li are shown in Fig. 5.11.  The PTF-Li shows a three step 
weight loss initiated after 340 oC, which is substantially higher than the 
degradation temperature of terephthalaldehyde (160 oC) and phloroglucinol 
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(280 oC). [133] The higher thermal stability of the PTF-Li further confirms the 
success of the poly-condensation reaction. The PTF-Li shows an initial 6 % 
weight loss before 150 oC, which is attributed to the absorbed moisture or 
trapped solvents in the pores of the PTF-Li complex.  
The specific surface area and pore size distribution (PSD) of the PTF-Li 
complex was measured by nitrogen adsorption-desorption isotherms at 77K and 
1 bar (Fig. 5.12). The adsorption isotherms show a modest gas uptake at 
relatively low pressures and increase slowly in the middle region (Fig. 5.12 a). 
This behavior confirms the meso porous nature of the synthesized PTF-Li 
material.[130] The Brunauer-Emmet-Teller (BET) surface area and the 
Langmuir surface area of PTF-Li were found to be 254 and 398 m2g-1, 
respectively. The DFT pore size distribution curve shows a wide range of nano-
pores for PTF-Li. The majority of the nano-pores are in the 20-40 nm range, 
(Fig. 5.12 b). 
 
 
Figure 5.40 a) Nitrogen adsorption-desorption isotherms at 77K and 1 bar, 
and (b) pore size distribution calculated from the nitrogen adsorption-
desorption isotherms at 77K by applying the DFT pore size analysis 
method. 
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The porous structure of PTF-Li was further investigated by scanning electron 
microscopy (SEM). The SEM image of PTF-Li (Fig. 5.4a) reveals that a series 
of agglomerates are interconnected to each other to form a continuous meso-
porous network. These loosely packed amorphous structures are useful to 
facilitate transport of Li+ ions along with solvent molecules in electrolyte 
membranes. 
Since the MTF-Li complex cannot be used to form a free standing membrane 
by itself due to its rigid three dimensional structure, it was blended with PVDF-
HFP in various ratios to form single ion conducting electrolyte membranes. The 
membrane formed with 2:1 ratio of PVDF-HFP and MTF-Li was found most 
appropriate with a reasonable mechanical strength and flexibility for battery 
fabrication. Subsequently the membrane was used for characterizations and 
battery performance testing.   
 
 
Figure 5.41 SEM images (a) PTF-Li, (b) PVDF-HFP/PTF-Li membrane 
 
The porous structure of PTF-Li was further investigated by scanning electron 
microscopy (SEM). The SEM image of PTF-Li (Fig. 5.13a) reveals that a series 
of agglomerates are interconnected to each other to form a continuous meso-
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porous network. These loosely packed amorphous structures are useful to 
facilitate transport of Li+ ions along with solvent molecules in electrolyte 
membranes. 
Since the PTF-Li complex cannot be used to form a free standing membrane by 
itself due to its rigid three dimensional structure, it was blended with PVDF-
HFP in various ratios to form single ion conducting electrolyte membranes. The 
membrane formed with 2:1 ratio of PVDF-HFP and PTF-Li was found most 
appropriate with a reasonable mechanical strength and flexibility for battery 
fabrication. Subsequently the membrane was used for characterizations and 
battery performance testing.   
The SEM image of the PVDF-HFP/PTF-Li membrane is shown in Fig.5.13b. 
The dispersed PTF-Li complex retains its porous structure in the PVDF-HFP 
matrix. Unlike other SIPE membranes, in which both a polymer electrolyte and 
a polymeric binder are dissolved in a solvent to produce a smooth and 
homogenous membrane upon solution casting, it is difficult to fabricate a 
smooth and homogenous membrane with the PTF-Li complex due to poor 
solubility of PTF-Li in common organic solvents. As a result, tiny particles of 
PTF-Li are readily visible on surfaces of the membrane. The poor uniformity of 
the membrane is expected to give rise to inferior interfacial resistance and thus 
negatively affect the battery performance. 
5.2.2.2 Electrochemical properties 
 
The EIS response of the PVDF-HFP/MTF-Li (soaked in an EC/PC solution) at 
various temperatures in the Nyquist coordinates is shown in Fig.5.14, where the 
equivalent circuit used for the fitting is also depicted. Based on the EIS test, the 
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ionic conductivity of the membrane was calculated to be 6.3 × 10-4 Scm-1 at 
room temperature, which falls into the range of conductivity displayed by most 
single ion gel polymeric electrolytes reported to date.[10, 122-125] The high 
ionic conductivity of the membrane may come as a surprise in view of the 
significant structural difference between PTF-Li and other reported SIPE 
materials. In these SIPE compounds, the anions are usually anchored in polymer 
chains with electron-withdrawing groups covalently bonded to the anionic sites 
to facilitate charge delocalization and thus to enable high Li ion mobility.  In 
the PTF-Li complex, however, the anions are attached to the secondary amino 
sites and it is more difficult for the negative charges to be delocalized to the 
neighbouring aromatic rings, which in principle should lead to lower Li ion 
mobility. Therefore, the measured high Li ion conductivity can only be 
attributed to the high porosity of the PTF-Li complex, which provides smooth 
channels for Li ion transport mediated by the chosen organic solvent. 
  
 




Figure 5.42 The EIS plot of the PVDF-HFP/PTF-Li membrane at various 
temperatures. The inset is the corresponding equivalent circuit. 
 
The temperature-dependency of the ionic conductivity of the PVDF-HFP/MTF-
Li membrane was further investigated. Figure 5.15 depicts the log value of the 
ionic conductivity of the membrane vs. the inverse of absolute temperature, 
which displays coherence with a typical Arrhenius curve in the testing 
temperature range from 90 oC to room temperature downwards. As expected, 
the measured conductivity increases linearly with temperature but not as steep 
as in small molecular electrolytes or dual-ion based gel polymer 
electrolytes.[107, 126] The modest rise may be attributed to the mechanical 
coupling between ion transport and polymer host mobility at a given 
temperature according to the free volume law.[109] The highest measured 
conductivity at 90 oC for the membrane is 1.4 × 10-3 Scm-1.  
 




Figure 5.43 The Arrhenius plot of log (ionic conductivity) versus inverse 
absolute temperature. 
 
The lithium-ion transference number (tLi+) was measured using the Li│PVDF-
HFP/MTF-Li membrane│Li assembly, where the PVDF-HFP/MTF-Li 
membrane swollen in an EC/PC solution beforehand was sandwiched between 
two non-blocking lithium metal electrodes.[98, 100] The tLi+ value was 
measured based on the combination of complex impedance and potentiostatic 
polarization methods proposed by Evans et al.,[101] and was then calculated 
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where ΔV is the DC potential applied across the cell; Is and Io are the steady-
state and the initial current determined by the DC polarization, respectively. Ro 
and Rs are the EIS measured bulk resistances before and after the DC 
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polarization (Table 5.2). The tLi+ value was calculated to be 0.86 at room 
temperature, suggesting that the PTF-Li exhibits single-ion conducting behavior 
as expected.  
Table 5.7 List of variables and their values for calculation of lithium ion 




Figure 5.44 Cyclic Voltammetry of PTF-Li/PVDF-HFP membrane at 
room temperature and 80 oC, scan rate is 1mVsec-1. 
 
The electrochemical stability of PVDF-HFP/MTF-Li membrane was analyzed 
by cyclic voltammetry using the Li│PVDF-HFP/MTF-Li membrane│stainless-
steel cell. The results are shown in Fig. 5.16. The measurements were performed 
at both 25 oC and 80 oC between 0 and 5V (versus Li+/Li) at a scan rate of 1 





0.01 3.28 2.81 26.7 28.64 0.86 
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mVs-1. The electrolyte membrane exhibits electrochemical stability at least 
above 4.3 V both at room temperature and 80 oC which confirms its suitability 
for commercially available cathode materials. 
 
Figure 5.45 The discharge profiles of Li│PVDF-HFP/PTF-Li membrane 




Figure 5.46 The discharge capacity vs. cycle index of the Li│PVDF-HFP/ 
PTF-Li membrane (EC/PC)│ LiFePO4 battery coin cell obtained at room 
temperature and 80 oC for C/10 and C/5 rates. 




To demonstrate battery performance of the PVDF-HFP/MTF-Li membrane, we 
assembled a coin cell using LiFePO4 as the cathode and a lithium foil as the 
anode. Figure 5.17 displays a characteristic evolution of the battery voltage of 
the cell Li│PVDF-HFP/MTF-Li membrane (EC/PC)│LiFePO4 as a function of 
its discharge capacity, both at room temperature and 80 oC.  The discharge curve 
exhibit the typical three step plateau profile of the LiFePO4 cathode material 
with an initial discharge capacity of 161 and 165 mAhg-1 at room temperature 
and 80 oC , respectively for C/10 rate.[44, 124, 132] The discharge capacity vs. 
cycle number of the cell is shown in Fig. 5.18. The discharge capacities of the 
cell, at room temperature ranged between 161 to 168 mAhg-1 at C/10 and 
between 159 to 151 mAhg-1 at C/5. At 80 oC, the discharge capacities of the cell 
ranged between 165 to 161 mAhg-1 at C/10 and between 157 to 159 mAhg-1 at 
C/5.  The fluctuation in discharge capacities is mainly attributed the unevenness 
of the membrane surface.  
5.4 Conclusions 
 
In this chapter, novel synthetic protocols for design of melamine-
terepthalaldhyde-lithium (MTF-Li) and phloroglucinol-terepthalaldhyde-
lithium (PTF-Li) complexes based single ion conducting electrolytes, where 
MTF-Li and  PTF-Li are three dimensional porous networks. The inherent 
porosity of the materials facilitates organic solvents used in Li-ion batteries to 
be accommodated, leading to high Li ion mobility with the ionic conductivity 
on the order of 10-4 Scm-1 at room temperature, which is comparable to the value 
of most single ion gel polymeric electrolytes. The materials show high thermal 
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stability and high porosity. They also retain their porous structure in the 
membrane form upon blending with the binder polymer. The electrochemical 
stabilities of the membranes were found to be sufficiently high at room 
temperature but slightly inferior at 80 oC. While no porous material with battery 
performance has been reported in literature to our knowledge, the successful 
battery performance of the MTF-Li electrolyte validates the concept that 
appropriate porosity of an electrolyte membrane can facilitate lithium ion 
transport mediated by an organic solvent.  
Both MTF-Li and PTF- li complexes display low solubility in common organic 
solvents, which severely affects the quality of its membranes upon blending 
with a polymeric binder. As a consequence, surfaces of the membranes become 
highly uneven, and ultimately inferior battery performance. Nevertheless, the 
present study suggests that a three dimensional porous network compound with 
appropriate solubility in an organic solvent can be potentially used for synthesis 
of single ion conducting electrolytes. Incorporation of flexible functional groups 
with high electron withdrawing capability in the 3D porous network compounds 
could be one of the ways to develop better electrolyte materials for lithium-





Chapter 6  
Polysiloxane Based Single Ion 
Electrolyte
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6.1 Preface to Chapter 6  
 
This chapter deals with the synthesis and characterization of a polysiloxane 
based single-ion conducting polymer electrolyte (SIPE) synthesized via 
hydrosilylation techniques where styrenesulfonyl (phenylsufonyl) imide group 
was grafted on highly flexible polysiloxane chain, followed by lithiation. The 
grafted moiety possessing highly delocalized anionic charges gives rise to weak 
association with lithium ions in the polymer matrix, resulting in an ion 
transference number close to unity and remarkably high ionic conductivity (7.2 
×10-4 Scm-1) at room temperature, while the flexible nature of polysiloxane 
keeps glass transition temperature (Tg) below than room temperature. The 
battery assembled with   the membrane comprised of the electrolyte and 
poly(vinylidene-fluoride-co-hexafluoropropene) (PVDF-HFP), performs 
superbly over a wide range of temperature as well as at high charge-discharge 
rate, the best performance reported for a single ion conducting polymer 
electrolyte  till date. The electrolyte also displays high thermal stability and the 




Polymethylhydrosilioxane (PMHS) (viscosity-15-40 mPa.S) (Sigma-Aldrich), 
chloroplatinic acid (Sigma-Aldrich), 4-styrenesulfonic acid sodium salt 
(Sigma–Aldrich), oxalyl chloride (Alfa-Aesar), benzenesulfonamide (Sigma–
Aldrich), 4-dimethylaminopyrridine (DMAP) (Sigma–Aldrich), triethylamine 
(Sigma–Aldrich),lithium perchlorate (Sigma–Aldrich), Poly(vinylidene 
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fluoride-co-hexafluoropropylene)  (PVDF-HFP) (Mw- 400,000 gmol-1) 
(Sigma–Aldrich), 2-propanol (QREC),  Acetonitrile (Tedia), 
dimethylformamide DMF (Sigma–Aldrich), dimethyl sulfoxide (QREC), 
tetrahyrofuran (THF) (RCI labscan), dichloromethane (QREC).  All chemicals 
were of analytical grade and thus used without further purification.   
6.2.2 Synthesis 
 
6.2.2.1 Synthesis of potassium 4-styrenesulfonyl (phenylsufonyl)imide 
(SPSIK) 
4-styrenesulfonyl (phenylsufonyl) imide (SPSIK) was synthesized by the 
similar method used for synthesis of 4-
styrenesulfonyl(trifluoromethylsulfonyl)imide (STFSIK) as reported by  
Meziane et al.[8] 40 ml of dried acetonitrile with 0.087 g (1mmol) of DMF 
along with 2 ml of oxalyl chloride were taken in a two neck flask . The solution 
was stirred under argon gas atmosphere at room temperature for 5 hrs to form 
Vilsmeier-Haack complex. On completion of the reaction, a light- yellow 
transparent solution was appeared. Subsequently, 4 grams of 4 styrene sulfonic 
acid sodium salt was added slowly in the solution under argon gas atmosphere 
and then stirred for 24 hrs. The mixture firstly turned yellow and finally 
displayed light pink color. NaCl precipitate was separated by filtration and the 
filtrate (4 styrenesulfonyl chloride) was cooled at 0 oC.  
In a two neck flask, 8.1 ml of triethylamine (58.1 mmol), 3.1 grams of 
benzenesulfonamide (19.4 mmol) and 2.12 gram 4-dimethylaminopyrridine 
(DMAP) were added in 30 ml of dry acetonitrile. The mixture was stirred for an 
hr in argon gas atmosphere and subsequently, the 4 styrenesulfonyl chloride 
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solution cooled at 0 oC was added slowly in the mixture under stirring for next 
16 hrs. Solvent was taken off with the help of rotavapour and resultant brown 
color mass was dissolved in 50 ml of dichloromethane. The solution was washed 
by 4% aqueous solution of NaHCO3 (20 ml) twice followed by washing with 20 
ml of 1M HCl. The potassium salt of 4-styrenesulfonyl (phenylsufonyl)imide 
was obtained by neutralization of acid moiety  by molar excess aqueous solution 
of K2CO3. The resulted suspension was stirred at room temperature for 1 hr 
followed by filtration and drying. The resultant light yellow color solid was 
further recrystallized in water for 24 hrs at ambient temperature followed by 12 
hrs in refrigerator. The water was decanted and the compound was dried in 
vacuum oven at 80 oC for 12 hrs to get dried potassium 4-styrenesulfonyl 
(phenylsufonyl)imide (SPSIK) with 50 % yield. Elemental analysis: For 
C14H12NO4S2K, calculated: C, 46.52; H, 3.35.; N, 3.87; S, 17.74 %; K, 10.82. 
Found: C, 46.56; H, 3.41; N, 3.61; S, 17.12; K, 10.25. %.1H NMR : (300MHz; 
DMSO-d6): δ ppm 7.56-7.53 (m,9H , aromatic); 6.78-6.69 (dd,1H); 5.91.-5.85 
(d,1H); 5.35-5.31 (d,1H);  13C NMR: (75MHz; DMSO-d6): δ ppm 166.76; 
149.82; 132.20; 129.14; 126.03 ,FTIR  data: {ATR(KBr) cm-1}: ν = 1445 (βCH 
ring + CCring), 1627 (C=C), 1397 (αNH), 1300 (βCH ), 1265 (CC),  1171 (sSO2), 
1090 (CS), 1060, 840  (SN), 777(SNS) and 750 (CH), 689 (ψCCC), 616 (αCCC), 
{ : stretching,: bending, α and β: in plane deformation,  and ψ: out of plane 
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6.2.2.2 Synthesis of Speier’s catalyst 
 
Speier`s catalyst was synthesized in the laboratory following the procedure 
adopted earlier by Chung and Kim.[135] 50 ml of Na dried 2-propanol was 
taken in a dark color bottle and 1 gram of chloroplatinic acid (H2 PtCl6.6H20) 
was dissolved in. The bottle was kept for four weeks in a shelf for formation 
of Speier’s catalyst. 
6.2.2.3 Synthesis of lithium 4-styrenesulfonyl (phenylsufonyl)imide 
grafted poly methyl hydrogen siloxane (SG) electrolyte  
 
Lithium 4-styrenesulfonyl (phenylsufonyl)imide grafted poly methyl hydrogen 
siloxane (SG) electrolyte  was synthesized via hydrosilylation reaction in 
presence of Speier’s catalyst (Scheme 1). SPSIK was grafted onto poly 
methylhydrogen siloxane (PMHS) chains, by following the reported procedure. 
[136-138].0.2 ml of PMHS was mixed in 10 ml of THF while 1.37 gram of 
SPSIK was dissolved in 20 ml of DMSO. Both solutions and 0.1 ml Speier’s 
catalyst were taken in a 2 neck round bottom flask fitted with a magnetic stirrer 
and a condenser. To avoid moisture, all operations were performed in a glove 
box. The mixture was stirred in argon atmosphere firstly at room temperature 
for 24 hrs followed by stirring at 80 oC for next 24 hrs. The completion of 
hydrosilylation reaction was confirmed by in-situ FTIR spectrum of the product, 
in which signal at 2260 cm-1, corresponding to Si-H bond, was disappeared. 
Upon cooling, the product was washed by THF, acetonitrile, acetone and 
methanol to remove DMSO as much as possible. After washing, the product 
was dried at 100 oC for 12 hrs which produced a sticky solid mass. This mass 
was further dissolved in acetonitrile and recrystallized with THF followed by 
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drying at 100 oC . The process was repeated thrice to get a non-sticky light 
yellow color solid. The product was finally crushed in a fine powder form with 
help of mortar and pistol and dried further at 100 oC in a vacuum oven. 
The product was then stirred with 50 ml of ethanol and lithium perchlorate 
(LiClO4) (in excess) was subsequently added for substitution of potassium ions 
with lithium ions. The solution was heated at 50 oC for 12 hrs. White precipitate 
of potassium perchlorate was filtered out and solution was removed on rotary 
evaporator. Excess of LiClO4 was removed by solubilization of the solid in 
DMSO followed by re-precipitation with THF. The final product was dried at 
120 oC under vacuum for 12 hrs.  Elemental analysis: For C15H16NO5S2SiLi, 
calculated: C, 46.26; H, 4.14.; N, 3.60; S, 16.46; Si, 7.21; Li, 1.78 %. Found: C, 
46.99; H, 4.49; N, 3.80; S, 17.12; Si, 1.01; Li, 1.78  %.1H NMR : (300MHz; 
DMSO-d6): δ ppm 1.88-1.83 (t, 2H, Si-CH2); 2.16-2.11 ( t,2H,Si-CH2-CH2 ); 
7.60-7.09 (m,9H,aromatic); 1.20 (s,3H,Si-CH3); 13C NMR: (75MHz; DMSO-
d6): δ ppm 129.88; 127.77; 126.45; 126.07;125.49;34.51; 29.00; 17.38 , 29Si 
NMR: (100 MHz; CDCl3) δ (ppm) -24.60 (Si-CH2) ; -84.65 (Si-CH3).  
 





Scheme 6.6 Synthesis of SG electrolyte. 
 
6.2.3 SG/PVDF-HFP membrane preparation 
 
SG and PVDF-HFP were mixed in different ratio i.e., 1:1, 2:1 1:2, in 6 ml of 
DMF solvent at 60 oC  for 12 hrs in a 25 ml glass beaker  fitted with a magnetic 
stirrer. Subsequently, the mixture was drop-casted into a teflon petri dish (6 cm 
diameter) and dried in an oven at 100 oC to evaporate the DMF solvent. The 
obtained film was further dried under vacuum at 100 oC for 24 hours, to remove 
trace amount of DMF, and then transferred to the glove box where it was 
punched to get a circular membrane with a diameter of 1.5 cm. The membrane 
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was subsequently placed in the EC/PC (1:1 volume ratio) solution for soaking 
prior to use for further characterizations and performance in the battery. 
 
6.3 Result and Discussion  
6.3.1 Synthesis and characterization of potassium 4-styrenesulfonyl 
(phenylsufonyl)imide (SPSIK) 
 
The SPSIK monomer was synthesized according to the method of Meziane et 
al., with the slight difference in choice of one of the ingredient.[8] In this work, 
benzene sulfonamide was used in place of trifluoromethylsulfonamide (TFSI), 
which was used in the original method. The rest of ingredients including catalyst 
and solvents as well as the synthetic route were kept the same.  
Successful synthesis of SPSIK was confirmed by 1H NMR, elemental analysis 
and mass spectroscopy (ESI-HRMS). The 1HNMR signals corresponding to 12 
H atoms (9 aromatic and 3 non-aromatic) with peak area ratio 9:1:1:1 confirms 
the synthesis. Moreover, the molecular formula of SPSIK calculated in negative 
mode of ESI-HRMS was found to be 322.2, which matches with the theoretical 
value of 322.3 for the anion monomer C14H12NO4S2-.Finally, matching of 
expected and found values of elemental analysis confirms the synthesis of 
SPSIK. 
6.3.2 Synthesis and characterization of lithium 4-styrenesulfonyl 
(phenylsufonyl)imide grafted poly methyl hydrogen siloxane (SG) 
electrolyte and PVDF-HFP/SG blend membrane 
 
SG electrolyte was synthesized by grafting of SPSIK on polymethyl hydrogen 
siloxane (PMHS) chains (SPSIK-g-PMHS) via hyrdosilylation followed by 
lithium ion exchange. Hydrosilylation is the most versatile platinum catalytic 
supported technique used for the addition of Si-H bonds across unsaturated 
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bonds.[139] The method has been considered the “most important application 
of platinum in homogenous catalysis”.[140] The Speier’s catalyst (solution of 
chloroplatinic acid in 2-proponal) facilitates the addition of unsaturated groups 
on Si-H according to anti-markovnikov’s rule in a three step cyclic process. 
[139]  Following the same mechanism, here, vinylic part of SPSIK was attached 
on polysiloxane chain on the cost of Si-H bond. 
The grafting of SPSIK on PMHS chain followed by exchange of K+ ion by Li+ 
ion was proven clearly by FTIR and NMR spectra. As can be seen in FTIR 
spectra of PMHS and SG (Fig. 6.1), the peak at 2167 cm-1 in PMHS 
corresponding to Si-H bond is disappeared in SG, which confirms the grafting. 
In addition, the peak at 1627 cm-1 in SPSIK corresponding to vinylic group is 
also disappeared in SG, confirming the grafting which consumed the vinylic 
group. Furthermore, the signature signal of Si-H, appears at 4.68 ppm (1H 
NMR) in PMHS, and the three peaks in the range of 6.78 to 5.31 ppm (1H NMR)  
in SPSIK corresponding to 3 vinylic  protons , are disappeared in  SG, validating 
the grafting of SP on the PMHS chain.[138, 141].Finally, the overall synthesis 
of SG electrolyte was confirmed by the coherence between the expected and 
found values for all the elements, except for Si, in the elemental analysis. The 
deviation occurred for Si is mainly attributed to the incomplete digestion of Si 
during the analysis, which was also noticed during the elemental analysis of 
commercial products of Si like PMHS and dimethyldichloro silane. The GPC 
analysis of SG in the tetrahydro furan (THF) mobile depicts the number average 
molecular weight (Mn) of 84,238, weight average molecular weight (Mw) of 
150,230, and poly dispersity index (PDI) of 1.7834 based on the polystyrene 
standard. 




Figure 6.47 The FTIR spectra of PMHS, SPSIK and SG electrolyte. 
 
Figure 6.2 depicts the thermal degradation of the SG electrolyte in N2 gas 
atmosphere. After the 5% initial weight loss till 180 oC attributed to the loss of 
moisture and trace amount of the solvents, no degradation occurs till 410 oC.  A 
two stage degradation starts after 410 oC and ultimately diminishes at 1000 oC 
with ca 10% of char. The results confirm the high thermal stability of the SG 
electrolyte at elevated temperatures, which is a typical feature of polysiloxanes. 
The amount of char may corresponds to total Si and Li content of the material. 
The TGA suggests that the material could also be potentially useful for high 
temperature applications of batteries.  
 




Figure 6.48 The TGA thermogram of SG electrolyte (N2, 10 oC min-1, RT 
to 1000 oC). 
The DSC thermograms of SG electrolyte and the electrolyte membrane prepared 
by blending PVDF-HFP and SG electrolyte, are shown in Fig. 6.3. The glass 
transition temperature (Tg) of SG was found to be 10 oC, fairly below the room 
temperature and the lowest among the SIPEs reported to the date.[8, 44, 142, 
143] The low Tg arises mainly due to PMHS, the parent polysiloxane chain. 
Polysiloxane are known for their very low glass transition temperature (~ -100 
oC) due to presence of highly flexible Si-O-Si bonds, which was the main reason 
for selection of PMHS as a base polymer. The grafting of bulky SPSIK group 
on PMHS reduces the flexibility of the resultant SG electrolyte, however still 
remain well below the room temperature. Absence of any melting peak till 150 
oC, which was expected due to inherent amorphous nature of PMHS, confirms 
amorphous nature of SG electrolyte. As by the rule of thumb for the design of a 
polymer electrolyte to prevent crystallization and to reduce the Tg as much as 
possible, [144] SG electrolyte present itself as a potential candidate for the 
polymer electrolyte.  




Figure 6.49 The DSC thermogram of SG electrolyte (N2, 10 oC min-1, -60 to 
150 oC). 
 
The SEM image of SG electrolyte is shown in Fig. 6.4a. The powder forms 
irregular shaped aggregates which may be attributed to high polarization of the 
particles due to presence of high polar groups. The morphology of PVDF-
HFP/SG blend membrane is depicted in its SEM images (Fig 6.4b and 6.4 
c).There are some blind pores found at the surface of the membrane (Fig. 6.4b), 
however, on the cross section view (Fig.6.4c), no pores are visible which 
indicates a dense nature of the membrane. The blind pores may be formed due 
to evaporation of the solvent from the surface. The tensile strength of the 
membrane was found to be 5.8 MPa with elongation at break of 18% (Fig. 6.4d)  
inferring its sufficient high mechanical strength to play dual role of a separator 
as well as an electrolyte during the battery fabrication and operation. To assess 
mechanical strength of the membrane further, it was clamped between two clips 
against the gravity and a 15 gram stainless steel cylinder was kept upon it (Fig. 
6.4e). The membrane withstood the load of the cylinder successfully without 
showing any sign of mechanical failure, which confirms its suitability as an 
electrolyte membrane for battery assembly. In addition, the membrane also 
displayed highly flexible nature (Fig. 6.4f), which helps to reduce interfacial 
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resistance between electrodes and the membrane and eventually assist to 




Figure 6.50 SEM images of (a) SG electrolyte, (b) surface  of PVDF-
HFP/SG membrane, (c) cross-section of the membrane; (d) stress vs strain 
plot of  the membrane; photographs of (e) the clamped membrane holding  
a cylinder ( f) flexible nature of the membrane . 
6.3.3 Electrochemical Properties 
 
The EIS response of the PVDF-HFP/SG (soaked in an EC/PC solution) at 
various temperatures in the Nyquist coordinates is shown in Fig. 6.5. Based on 
the EIS test, the ionic conductivity of the membrane was calculated to be 7.2 
×10-4 Scm-1 at room temperature, which is slightly higher than the conductivity 
displayed by most single ion gel polymeric electrolytes reported to date.[10, 
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122-125] The high conductivity of the electrolyte mainly arises from the strong 
electron withdrawing capability of the bisulfonyl imide groups facilitating 
charge delocalization and thus enabling high Li ion mobility which is well 




Figure 6.51 The EIS plot of the PVDF-HFP/SG membrane at various 
temperatures. The inset is the corresponding equivalent circuit. 
 
 
Figure 6.52 The Arrhenius plot of log (ionic conductivity) versus inverse 
absolute temperature. 
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The temperature-dependency of the ionic conductivity of the PVDF-HFP/SG 
membrane was further investigated. Figure 6.6 depicts the log value of the ionic 
conductivity of the membrane vs. the inverse of absolute temperature, which 
displays coherence with a typical Arrhenius curve in the testing temperature 
range from 90 oC to room temperature downwards. As expected, the measured 
conductivity increases linearly with temperature but not as steep as in small 
molecular electrolytes or dual-ion based gel polymer electrolytes.[107, 126] 
The modest rise may be attributed to the mechanical coupling between ion 
transport and polymer host mobility at a given temperature according to the free 
volume law.[109] The highest measured conductivity at 90 oC for the membrane 
is 1.13 ×10-3 Scm-1.  
 
The lithium-ion transference number (tLi+) was measured using the Li│PVDF-
HFP/SG membrane│Li assembly, where the PVDF-HFP/SG membrane 
swollen in an EC/PC solution beforehand was sandwiched between two non-
blocking lithium metal electrodes.[98, 100] The tLi+ value was measured based 
on the combination of complex impedance and potentiostatic polarization 
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where ΔV is the DC potential applied across the cell; Is and Io are the steady-
state and the initial current determined by the DC polarization, respectively. Ro 
and Rs are the EIS measured bulk resistances before and after the DC 
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polarization (Table 6.1). The tLi+ value was calculated to be 0.89 at room 
temperature, suggesting that the SG electrolyte exhibits single-ion conducting 
behaviour as expected. 
Table 6.8 List of variables and their values for calculation of lithium ion 
transference numbers (tLi+) 
 
 
The electrochemical stability of PVDF-HFP/SG membrane was analyzed by 
cyclic voltammetry using the Li│PVDF-HFP/SG membrane│stainless-steel 
cell. The results are shown in Fig. 6.7. The measurements was performed at both 
25 oC between 0 and 5V (versus Li+/Li) at a scan rate of 1 mVs-1. The electrolyte 
membrane exhibits electrochemical stability at least above 4.1V at room 
temperature, which confirms its suitability for most of the commercially 
available cathode materials at the temperature.  
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Figure 6.53 Cyclic Voltammetry of PVDF-HFP/SG membrane at room 
temperature, scan rate is 1mVsec-1. 
 
To demonstrate battery performance of the PVDF-HFP/SG membrane, we 
assembled a coin cell using a lithium foil as the anode and LiFePO4 as the 
cathode which has a theoretical discharge capacity of 170 mAh g-1. [145] Figure 
6.8 displays a characteristic evolution of the battery voltage of the cell  
Li│PVDF-HFP/SG membrane (EC/PC)│ LiFePO4  as a function of its 
discharge capacity, at room temperature, 60 oC and 80 oC.  The discharge curve 
exhibits the typical three step plateau profile of the LiFePO4 cathode material 
with an initial discharge capacity of 141, 159 and 154 mAhg-1 at room 
temperature, 60 oC and 80 oC, respectively,  for  0.1 C rate.[44, 124, 132] The 
initial coulombic efficiency was found to be 87, 88 and 93% for room 
temperature, 60 oC and 80 oC, respectively.  
 




Figure 6.54 The discharge profiles of Li│PVDF-HFP/SG membrane 
(EC/PC)│ LiFePO4 battery coin cell obtained at room temperature, 60 oC 
and  80 oC for 0.1C rate. 
 
 
Figure 6.55 The discharge capacity vs. cycle index of the Li│PVDF-HFP/ 
SG membrane (EC/PC)│ LiFePO4 battery coin cell obtained at room 
temperature, 60 oC and  80 oC at various C-rates. 
 
The discharge capacity vs. cycle number of the cell is shown in Fig. 6.9. The 
discharge capacities of the cell, at room temperature was found to be 141 and 
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135 mAhg-1 at 0.1C and 0.2 C, respectively.  The battery performs exceptionally 
well at 60 oC at with charging and discharging up to 3C , which is the best 
performance for a single ion electrolyte ,reported till date, from best of our 
knowledge. On the temperature, the discharge capacity is found to be very near 
to 160 mAhg-1 for low charge and discharge rates and decreases gradually with 
increasing C rates but still remain above 110  mAhg-1   at 2 C. The battery 
performs very well also on 80 oC up to 2 C. The reason for superb battery 
performance is  attributed to (i) the low Tg  of the electrolyte  which makes 
membrane highly flexible , reduces interfacial resistance between electrodes 
and electrolytes, and  supports easily transportation of Li ions , (ii) high lithium 
transference number, which limits the concentration polarization effect .[146]  
 
6.4 Conclusions  
 
 A novel approach of synthesizing a new class of single-ion polymer electrolyte, 
based on polysiloxane polymer and using hydrosilylation technique, is 
demonstrated in the present work.    lithium styrenesulfonyl (phenylsufonyl) 
imide grafted polymethyl hydrogen siloxane(SG) electrolyte was successfully 
synthesized, and the chemical structures and properties of the electrolyte and its 
composite membrane with PVDF-HFP were thoroughly characterized via a 
range of spectroscopic techniques  including FTIR, NMR , thermogravimetric 
and DSC analysis, impedance spectroscopy and cyclic voltammetry. The 
electrolyte has low Tg (10 oC) ,which provides flexibility at  ambient condition 
and helps to reduce interfacial resistance between electrodes the electrolyte  
membrane. The battery equipped with the membrane performs remarkably in a 
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wide range of temperature starting from room temperature. The polymer 
electrolyte exhibits good thermal stability (up to 410 oC) and electrochemical 
stability (atleast up to 4.1 V) with remarkably high ionic conductivity of 7.2x10-
4 Scm-1 at room temperature. The high ion conduction is attributed to the 
extensive electron delocalization through bis sulfonyl imide group which 
enhances mobility of lithium ions. The measured lithium ion transference 
number is close to unity (0.89), substantially higher than the value of typical 
dual-ion based electrolytes. The reasonable wide electrochemical window 
enables the electrolyte membrane to be potentially useful for batteries with 
range of cathode materials. Furthermore, the battery performance of the SIPE 
membrane was evaluated using an assembled coin cell of Li│PVDF-HFP/SG 
membrane (EC/PC)│ LiFePO4. The battery displays high charge and discharge 
rate with good efficiency at elevated temperature, the best performance of any 
SIPE reported so far. The successful demonstration of the electrolyte may pave 
the way to develop new SIPEs which possess low temperature flexibility, 
amorphous nature, high ionic conductivity, and high thermal and electro 
chemical stability. Finally, the applied synthetic route could serve as a powerful 
tool for grafting of desired ionic conductive moieties on Si-H group containing 
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The primary objective of this thesis was to develop new single ion electrolytes 
based on different polymers and three dimensional frameworks for application 
in lithium ion batteries. It was found that most of these electrolytes show 
outstanding room-temperature ionic conductivity as well as possess reasonable 
wide electrochemical window. 
The synthesized polystyrene-based single ion porous polymer electrolyte cum 
separator which possesses a theoretical porosity of 76% with open and 
interconnected pores of macro and meso sizes, enables selected functional 
groups to be placed on the walls of the pores. The sulfonyl(phenylsulfonyl) 
imide groups clinging in the pores give rise to significant charge-delocalization 
in the framework, resulting in weak association of lithium ions in the extra-
framework with the polymer. The large porosity of the material enables organic 
solvent conventionally used in Li-ion batteries to be accommodated, leading to 
high Li ion mobility with the ionic conductivity on the order of 10-3 Scm-1, 
which is comparable to the conventional liquid electrolytes, and is the highest 
among the single polymer electrolytes which have been reported to date.[110, 
111] The mechanical problem associated with the brittleness of the material as 
well as the high porosity of film, can be largely overcome by binding with an 
appropriate amount of PTFE which results in only slight reduction of 
conductivity as well as porosity. The membrane with the PVDF binder exhibits 
good thermal and electrochemical stability, and is well suited for applications 
in Li-ion batteries. The pore sizes are tunable and may be altered by using 
different silica particle synthesis methods. However, unevenness in thickness 
and inhomogeneity of the membrane due to the cementing process, affect its 
performance. It would be interesting to explore the design and the synthetic 
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strategy for the synthesis of materials capable of conducting protons and other 
alkali metal ions. 
A bis(sulfonyl)imide containing polystyrene  single  ion gel polymer electrolyte 
was designed and synthesized. The ionic conductivity of the polymer electrolyte 
membrane is on the order of   10-3 Scm-1, comparable to the commercial liquid 
electrolytes. [110, 111] The cationic transference number to unity - an intrinsic 
property of single ion electrolytes - minimizes the polarization potential and 
enhances the battery performance significantly. The electrolyte membrane 
exhibits a wide electrochemical window. This may allow many high energy 
density cathode materials, such as multicomponent olivine cathode, with a 
redox potential above 4 V, which have suffered from lack of adequate 
electrolytes to be utilized in Li-ion batteries. The thermal stability of the 
electrolyte membranes enables the material to be used in a wide temperature 
range and prevents dendrite formation, which substantially enhances the battery 
safety. However, the high molecular weight of polystyrene (Mw- 65,000) which 
increased further after sulfonation, is   responsible for the coiling of the polymer 
electrolyte. The coiling impedes the imidification process which eventually 
causes lower lithium content than expected in the polymer electrolyte. The 
experimental preparation protocols utilized here can also be used for synthesis 
of membranes that conduct protons or other alkali metal ions as well as for the 
purification processes of monovalent metal ions. 
Based on the hierarchy of polyamide synthesis, the lithium polyamide single 
ion electrolyte (LiPA) was designed and synthesized. The cation transference 
number of LiPA was found to be 0.81 which eventually reduces polarization 
potential significantly. A sufficiently wide electrochemical window supports its 
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suitability as an electrolyte in lithium batteries for different applications. The 
performance of the battery assembled by using LiPA as an electrolyte, 
particularly at room temperature, is a significant achievement as far as 
performance of polymer electrolytes is concerned. However, the charge and 
discharge capacities of the battery are below par than the batteries assembled 
with commercial electrolytes. Low pricing of  starting compounds, as compared 
to expensive fluorine & chlorine containing electrolyte materials, is one of the 
its salient features. The proposed condensation approach may lead to the 
synthesis of new materials of desired molecular weight by playing with choice 
of precursor(s). 
As a novel concept of using porous- organometallic complex as an electrolyte 
for lithium ion batteries, the melamine-terephthaldehyde framework ( MTF-Li) 
and phloroglucinol-terepthalaldhyde framework (PTF-Li) were successfully 
synthesized. The high conductivity   (σ ~ 10-4 Scm-1) of the electrolyte is 
attributed to the inherent porosity of the frameworks which provide a smooth 
passage for the solvent to flow. The rigid three dimensional frameworks 
functioning as an anionic part of the electrolyte, reduce anionic transference 
number almost to zero; consequently, cationic transference number increases 
and approaches unity. By virtue of its synthesis procedure, the electrolyte 
displays excellent sustainability at high temperatures, which is vital for battery 
safety as well as for enhancing the performance and longevity of the battery. 
Although, the cross linked structure of the electrolyte does not allow its 
solvation which reduces its miscibility with the binder and eventually 
homogeneity of the membrane, the appropriate porosity and the ability to 
transport lithium ions only makes it suitable to be analysed  as an electrolyte for 
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lithium ion battery.  The melamine-terephthaldehyde framework can be utilized 
for other applications also .One possible avenue for future work is to explore 
the complex, in the association with different metals, for gas adsorption and gas 
purification purpose. 
To develop single-ion conducting polymer electrolyte for high charge-discharge 
rate and wide range of applicability, a a polysiloxane based single-ion 
conducting polymer electrolyte (SIPE)  was designed and synthesized via 
hydrosilylation techniques where styrenesulfonyl (phenylsufonyl) imide group 
was grafted on highly flexible polysiloxane chain, followed by lithiation. The 
electrolyte displays were low glass transition temperature (Tg), well below the 
room temperature which provides extremely flexible and reasonable robust 
nature to the electrolyte membrane, comprised with the electrolyte and the 
binder polymer. Performing up to the expectation, the battery assembled with 
the membrane shows very high charge-discharge rate, the best performance 
reported for a single ion conducting polymer electrolyte till date. Since the 
polymer electrolyte is unable to form a mechanically robust membrane single-
handedly, it would be interesting to design and synthesize copolymers of 
silicones which could form free standing membranes with sufficient high 
mechanical strengths as well as conduct Li ion readily to work as a single ion 
conducting polymer electrolyte.
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